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ABSTRACT 

During 1970, the Chemical Engineering Division has 
continued its investigations in the areas of fuel-cycle tech­
nology, sodium technology, mater ia ls proper t ies , analytical 
and reactor chemistry, liquid-metal and molten- salt studies, 
energy conversion, and fluidized-bed combustion of fossil 
fuels. For reprocessing LMFBR irradiated fuel, a head-end 
process for decladding the fuel in liquid metal , a process for 
converting recovered plutonium anduranium nitrate solutions 
to oxides, and a centrifugal contactor suitable for high plu­
tonium content are being developed. Analytical procedures 
adaptable to in-line use in the fabrication of LMFBR fuel are 
also being studied. In the sodium technology program, major 
emphasis is being placed on the measurement of sodium 
quality by chemical analyses and on-line moni tors . An effort 
is also being made to develop failed-fuel-element detec tors . 
Materials and chemistry studies are concerned with various 
aspects of the behavior of naaterials in fast r eac to r s . Fuel-
cladding interactions and mate r ia l - t ranspor t phenomena in 
mixed-oxide fuel are being studied. Thermodynamic studies 
of the U-C-O and U-Pu-O systems are being car r ied out, 
and a considerable effort is being nnade to obtain informa­
tion on the sodium-fuel reaction. High-temperature physical-
property data needed for fas t - reac tor safety analysis are 
being obtained. Calorimetr ic procedures are being used to 
obtain thermochemical data on mater ia l s of in teres t in r e ­
actor technology. DeterminationsV)f fas t - reac tor cross sec­
tions and fission yields are continuing. Development efforts 
also continue on secondary electr ical bat ter ies for vehicle 
propulsion and for po'weringan artificial heart as well as on 
fluidized combustion of fossil fuels as a means of reducing 
pollutants. A new program on nuclear safeguards has been 
star ted. 

I. FUEL-CYCLE TECHNOLOGY 

A. Liquid Metal Decladding of Reactor Fuels 

The reference fuel recovery process for liquid metal-cooled fast 
b reeder reac tors (LMFBRs) of the future is a modified shear - l each process 
followed by solvent extraction. The most difficult and costly aspect of 
LMFBR fuel reprocessing will probably be the head-end operations, which 
include fuel subassembly handling, cladding removal, iodine and sodium 
removal , and introduction of the fuel into an acid dissolver . These 



operations would be accomplished in a shear - leach head-end process by 
shearing the fuel into short lengths, oxidizing the UO2 to U3O8 to pulverize 
the fuel, and selectively leaching the exposed fuel from the stainless steel 
cladding with nitric acid. The shear- leach procedure is practiced with 
fuels from the present thermal reac tors , but decladding of LMFBR oxide 
fuels by shear-leaching would encounter problems related to the higher 
burnups, higher burnup ra tes , shorter cooling t imes, residual sodium, and 
high plutonium content of LMFBR fuel. 

Liquid-metal decladding processes under development at Argonne 
provide an attractive head-end for LMFBR fuel. In l iquid-metal decladding, 
the cladding is removed by immersing the fuel subassembly (probably after 
the bottom is cropped) in molten zinc at 800°C. The zinc corrodes away the 
cladding and the subassembly supporting members but does not react with 
the fuel oxides. After the zinc-steel phase is largely removed from the 
vessel containing the fuel oxides, the fuel oxides are reduced to metal with 
Mg-Zn-Ca, producing a uranium precipitate and a Mg-Zn-Pu solution. The 
plutonium-bearing solution is removed from the vessel for further p rocess ­
ing. Iron is added to the uranium to form liquid U-5 wt % Fe alloy, which 
is cast as ingots for storage. This procedure avoids mechanical d isas­
sembly of the fuel and shearing and has the following advantages: (1) effi­
cient and early removal of iodine and other volatile fission products, 
(2) relative ease of dissipation of fission-product decay heat, (3) safe han­
dling of residual sodium, and (4) production of solid wastes (except that 
waste xenon and krypton remain gaseous and are collected and stored in a 
gas mixture containing about 50% xenon plus krypton). 

The principal disadvantages of the liquid-metal head-end process 
(which are not considered to be serious) are the lack of industrial experi­
ence in the use of refractory metals as mater ia l s of construction, the large 
quantity of zinc required, and the large amount of solvent metal cations 
introduced into the acid solution (during dissolution) and ultimately into the 
wastes. The latter two disadvantages could be lessened by vacuum evapora­
tion of zinc from the zinc-steel (before disposal as waste) and of Mg-Zn 
solvent from the Mg-Zn-Pu (before acid dissolution). The recovered zinc 
and Zn-Mg could be recycled. 

1- Plant Concept for LMFBR Fuel Decladding 

In the previous report (ANL-7650, p. 1), a plant concept for de­
cladding 5 tons/day of fuel was discussed. That concept did not include the 
reduction step which now appears necessary to assure adequate iodine r e ­
moval and to simplify mater ia ls handling. 

A preliminary conceptual design for the decladdlng-reduction 
head-end process has been prepared for a 4.8 metr ic ton/day plant. The 
unit is represented in elevation view in Fig. I - l . The principal process 



Fig. I-l. Head-End Processing Unit—Elevation 
View. ANL Neg. No. 308-2376. 

uni t i s a 5^ - f t -d i a f u r n a c e c h a m ­
b e r con ta in ing a r o t a t a b l e p l a t f o r m . 
On the p l a t f o r m a r e t h r e e 2 - f t - d i a 
by 8 - f t - d e e p t u n g s t e n p r o c e s s v e s ­
s e l s , one l o c a t e d a t e a c h of t h r e e 
p r o c e s s s t a t i o n s . Dec ladd ing i s 
p e r f o r m e d at the f i r s t pos i t i on , 
r e d u c t i o n of u r a n i u m and p l u t o n i u m 
at the s econd pos i t i on , and u r a n i u m 
d i s s o l u t i o n a t the t h i r d . The t h r e e 
p r o c e s s s t eps n o r m a l l y p r o c e e d 
s i m u l t a n e o u s l y , one s t ep in e a c h 
v e s s e l . 

B e f o r e the p l a t f o r m and 
t h r e e p r o c e s s v e s s e l s a r e r o t a t e d , 
the p l a t f o r m is l o w e r e d to a l low 
the t ungs t en v e s s e l s to c l e a r the 
t r a n s f e r l i n e s and a g i t a t o r d u r i n g 
r o t a t i o n . The v e s s e l s a r e r o t a t e d 
once e v e r y 2 h r ; 36 s u b a s s e m b l i e s 
a r e p r o c e s s e d e a c h day, e q u i v a l e n t 
to about 4.8 m e t r i c tons of fuel 
p e r day. 

Fue l i s c h a r g e d f r o m a t r a n s f e r t u r r e t f a s t e n e d to the top of 
the p r o c e s s uni t into the t ungs t en v e s s e l at the dec ladd ing s t a t i o n . T h r e e 
fuel s u b a s s e m b l i e s at a t i m e a r e i n t r o d u c e d t h r o u g h g a t e s b e t w e e n the 
t u r r e t and p r o c e s s un i t . All o the r p r o c e s s s t r e a m s (e .g . , z inc for d e c l a d ­
ding) a r e p r e s s u r i z e d into or out of the t u n g s t e n v e s s e l s t h r o u g h t r a n s f e r 
l i n e s . Agi ta t ion is p r o v i d e d a t the r educ t i on s ta t ion , but not at the o t h e r 
p r o c e s s s t a t i o n s . 

The cove r gas in the fu rnace c h a m b e r and p r o c e s s v e s s e l s 
du r ing dec ladd ing is c o m p o s e d of xenon, a r g o n , and k r y p t o n . No spec i f i c 
c o m p o s i t i o n is m a i n t a i n e d , but r a t h e r the m i x t u r e r e p r e s e n t s g a s e s r e ­
l e a s e d into the p r o c e s s uni t dur ing dec ladd ing and purg ing o p e r a t i o n s . It 
i s e x p e c t e d that the gas wi l l con ta in about 45% Xe and 5% K r . After g a s i s 
u s e d to m a k e p r e s s u r e t r a n s f e r s of so lu t ions b e t w e e n v e s s e l s , the g a s i s 
c o m p r e s s e d to 100 p s i and t e m p o r a r i l y s t o r e d for r e u s e . P e r i o d i c a l l y , 
a c c u m u l a t e d g a s e s a r e r e m o v e d f r o m t e m p o r a r y s t o r a g e and a r e f u r t h e r 
c o m p r e s s e d for p e r m a n e n t s t o r a g e in gas c y l i n d e r s . 

2 . Cladding D i s s o l u t i o n in Liquid Zinc 

a. D i s s o l u t i o n M e c h a n i s m 

E v i d e n c e w a s p r e s e n t e d p r e v i o u s l y (ANL-7650 , p . 3) t h a t 
a t t a c k of s t a i n l e s s s t e e l by z inc b e g i n s by p e n e t r a t i o n of l iqu id z inc in to 
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stainless steel and preferential leaching of nickel from the steel into the 
zinc. As the surface of the steel is depleted of nickel, the steel s t ructure 
changes sufficiently so that it fractures into small fragments of Fe -Cr alloy. 

Additional data were obtained which indicated that a con­
stant reaction-zone thickness develops during the initial stages of attack, 
and that this is followed by a corrosion rate that is nearly independent of 
the presence or absence of agitation or of the concentrations of iron and 
chromium in solution. After the initial attack, the corrosion rate can be 
predicted from the concentration of nickel in the zinc. The relationship 
obtained was observed to apply to all data, even for zinc containing 26 wt % 
stainless steel, although at this concentration steel is part ly in solution and 
partly in suspension and the mixture is paste- l ike. (Hov^ever, 20 wt % steel 
in zinc is sufficiently fluid to be transferable as liquid.) 

b. Decladding of Irradiated Fuel 

The Senior Cave facilities of the Division have been p re ­
pared for use in demonstrating liquid-metal head-end steps with ~ 100-g 
quantities of highly irradiated fuel. Experimental apparatus has been built 
and is being tested. 

For the first runs with i rradiated fuel, stainless steel clad­
ding will be dissolved from an irradiated UO2-PUO2 fuel element contained 
in a tantalum basket, and the declad fuel will be examined in the basket. 
The fuel will then be reduced and all process s t r eams , including the cover 
gas, will be analyzed. The experiments are expected to demonstrate pluto­
nium recovery and fission-product behavior and to reveal the physical con­
dition of declad fuel following decladding. 

c. Engineering-Scale Experiments 

In one concept of liquid-metal decladding of LMFBR fuel, 
three fuel subassemblies are contained in a basket during decladding in 
liquid zinc. After decladding, the basket (which then contains UO^-PuO^) 
is lifted out of the melt. Before the decladding concept utilizing a basket 
was replaced with the decladdlng-reduction concept described in the int ro­
duction of this section, three experiments were done with a basket com­
prising a Mo-30% W frame and base plate and a 5 | - i n . -d i a cylindrical 
tantalum wall with approximately one hundred l / l 6 - i n . holes in the lower 
3J in. 

The basket was charged with a stainless steel tube 
(4-in. OD, 1/8-in. wall, and 5-in. height) and UO^ pellets or crushed pel­
lets of a selected particle size distribution. The basket and contents were 
immersed in zinc at 800°C. After the steel tube had corroded, the basket 
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w a s r e m o v e d , the c y l i n d r i c a l wa l l w a s s l id u p w a r d , and the c o n t e n t s w e r e 
s c r a p e d f r o m the b a s e of the b a s k e t in to a t r a y . In e a c h e x p e r i m e n t , about 
10% of the i r o n o r i g i n a l l y in the c h a r g e was found wi th the r e c o v e r e d U02-
The q u a n t i t y of z i n c - s t a i n l e s s s t e e l hee l rough ly equa l l ed the q u a n t i t y of 
U02. In the two r u n s employ ing UO2 f ines , about 10% of the f ines w e r e l o s t 
f r o m the b a s k e t . App l i ca t i on of the b a s k e t concep t to fuel con ta in ing an 
a p p r e c i a b l e f r a c t i o n of f ines m i g h t r e q u i r e an i m p r o v e d b a s k e t d e s i g n and 
a p r o v i s i o n for r e m o v i n g any oxide f ines f r o m the z inc m e l t p r i o r to d i s ­
p o s a l of the z inc m e l t a s w a s t e . I m p r o v e d s e p a r a t i o n of s t e e l f r o m the fuel 
oxide would r e q u i r e g r e a t e r c i r c u l a t i o n of z inc t h r o u g h the b a s k e t w a l l . 
This m i g h t be a c c o m p l i s h e d by s losh ing the b a s k e t in the l iqu id . 

R e l e a s e of F i s s i o n - P r o d u c t G a s e s . S e v e r a l e x p e r i m e n t s 
have b e e n p e r f o r m e d s i m u l a t i n g the r a p i d r e l e a s e of f i s s i o n - p r o d u c t g a s e s 
f r o m i r r a d i a t e d fuel e l e m e n t s a s m a y o c c u r du r ing dec l add ing in z i n c . An 
i r r a d i a t e d fuel e l e m e n t (fuel pin) i s e x p e c t e d to con ta in about 25 c m of 
f i s s i o n g a s e s u n d e r about 5 0 - a t m p r e s s u r e . 

In the m o s t r e c e n t e x p e r i m e n t , two s i m u l a t e d fuel e l e m e n t s 
c o n s i s t i n g of 0 . 0 1 0 - i n . wa l l by l / 4 - i n . - O D t u b e s con ta in ing about 4 in . of 
c l o s e - f i t t i n g s t e e l r o d s at the b o t t o m and 25 c m ' of a r g o n a t 5 0 - a t m p r e s ­
s u r e w e r e m a d e in to a bundle wi th 15 w i r e - w r a p p e d l / 4 - i n . - d i a s t e e l r o d s . 
Th i s bund le w a s p l a c e d in a 2 - i n . - O D s t ee l tube s i m u l a t i n g a s h r o u d and 
i m m e r s e d 3 in . in to z inc at 795°C. After about 1.9 m i n , the two t ubes r u p ­
t u r e d and v e n t e d r a p i d l y . I n s p e c t i o n of the t u b e s a f te r the r u n r e v e a l e d 
tha t the b o t t o m s w e r e m i s s i n g , tha t the s t e e l r o d s ( s imu la t i ng fuel) had r e ­
m a i n e d in the t u b e s , and tha t z inc had s p l a s h e d a r o u n d the t u b e s and r o d s 
i n s i d e t he s h r o u d to a he ight of only 20 in . T h e r e w a s no e v i d e n c e t h a t z inc 
had s p l a s h e d ou t s ide the s h r o u d . • 

The e x p e r i m e n t a l r e s u l t s i nd i ca t e tha t z inc wi l l be s p l a s h e d 
by a r a p i d r e l e a s e of f i s s i o n - p r o d u c t g a s e s d u r i n g zinc d e c l a d d i n g but t ha t 
t h i s Awill p r e s e n t no s e r i o u s p r o b l e m s . 

3, C o n t r o l of F i s s i o n P r o d u c t Iodine in a P y r o c h e m i c a l H e a d - E n d 
P r o c e s s 

R e p r o c e s s i n g of 3 0 - d a y - c o o l e d fas t r e a c t o r fuel by a P u r e x 
p r o c e s s r e q u i r e s d e c o n t a m i n a t i o n f a c t o r s for i o d i n e ' of 10 ' - 10* in the h e a d ­
end s t e p to avo id a c c u m u l a t i o n of iodine in the o r g a n i c s t r e a m s . A p y r o ­
c h e m i c a l h e a d - e n d p r o c e s s c o m p r i s i n g dec l add ing and r e d u c t i o n s t e p s i s 
be ing i n v e s t i g a t e d . Both of t h e s e s t e p s a r e c o m p l e t e d wi th the fuel i m ­
m e r s e d in l iqu id m e t a l s . The vo l a t i l e iodine tha t i s r e l e a s e d w h e n s t a i n l e s s 
s t e e l c l add ing d i s s o l v e s in the m o l t e n z inc u s e d for d e c l a d d i n g r e a c t s w i t h 

1" Aqueous Processing of LMFBR Fuels," USAEC Report ORNL-4436, p. 171 (1970). 
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the zinc. The degree of interaction of iodine with zinc has been determined 
experimentally, and the results are presented in this report . 

The assumptions used to define the scope of the experiments 
were (1) iodine exists in the fuel element mainly as elemental iodine and 
to only a small extent as Csl and Fel2; (2) when the lower end of a fuel e le­
ment is immersed in zinc in a decladding vessel , the cladding ruptures and 
elemental iodine mixed with xenon and krypton flows from the fuel element 
plenum through the annulus and is released through the aperture made by 
the rupture; and (3) the gas mixture from the plenum is re leased into the 
zinc pool as a sequence of bubbles. 

Experiments were performed simulating the re lease of fission 
gases from fuel elements. To generate an iodine-argon gas s t ream, argon 
car r ie r gas was passed through a reservoi r containing iodine labelled with 
'^'l and held at a constant temperature . The argon-iodine mixture was 
bubbled through a pool of liquid zinc, •which was covered by a 2-cm deep 
layer of LiCl-KCl eutectic. Any iodine in the effluent gas from the zinc-
salt pool was removed by scrubbing the gas s t r eam with 0. IM Na7S;>0,- IM 
NaOH solution. The depth of the zinc pool, the gas flow rate, the iodine con­
centration in the ca r r ie r gas, and the temperature of the zinc were varied 
in different experiments. 

Although iodine at first reacts with zinc, no iodine is found in 
the zinc at the end of the runs. The amount of iodine that reacts with the 
zinc is determined by dissolving all of the LiCl-KCl in water at the con­
clusion of an experiment and by counting the contained '^'l in that solution 
and in the scrubber solution. The resul ts are given in Table I - l . F rom 
the ratio of the counting rate of an aliquot of the salt solution to the count­
ing rate of an aliquot of the scrubber solution, the decontamination factor 
can be calculated. The counting rate in the scrubber solution never ex­
ceeded background. Thus, iodine had been completely absorbed, even at a 
zinc pool depth of only 3 cm and gas flow rates of 500 ml /min . The lat ter 
gas flow rate corresponded to 70 bubbles per second. The flow rate of gas 
through the zinc pool had no apparent effect on the reaction. 

To prove that the absence of iodine in the scrubber solution r e ­
sulted from iodine capture in the zinc-salt ra ther than reaction of iodine 
with equipment components or a malfunction of the aqueous scrubber, an 
experiment was conducted with zinc absent. At the end of this experiment, 
one half of the iodine was detected in the aqueous scrubber and the other 
half was in the cover salt. This indicates that a large amount of iodine in 
the effluent gas from the zinc-salt pool would be absorbed in the scrubber 
solution. 
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TABLE 1-1. Iodine Absorption in Zinc 

Final 
Amount Final Cover Scrubber 

Depth* of Concen. of Ar-I; of Iodine Salt Activity Activity 
Zinc Pool Temp of Iodine in Flow Rate Transported [counts/(min) lcounts/(min) 

Expt. (cm) Zinc (°C) Ar (at. %) (ml/min) (mg) (aliquot)] (aliquot)] 

1 

2 

3 

4 

5 

6 

7 

17 

10 

3 

3 

3 

10 

Salt Only 

5 0 0 

8 0 0 

8 0 0 

5 0 0 

5 0 0 

8 0 0 

800 c 

0 . 1 

0 . 1 

0 . 1 

0 , 2 

0 . 2 

0 . 2 

3 X 10" ' 

0 . 2 

0 1 

6 5 

6 5 

150 

150 

150 

300 

5 0 0 

150 

300 

5 0 0 

3 0 0 

150 

150 

22 

3 5 

3 8 

76 

205 

205 

2 0 5 

205 

205 

2 0 5 

17 

6 3 0 

2 5 

3 X i C 

1 X 10 ' 

5 X 10* 

3 X 10* 

7 X 10* 

1 .2 X 10' 

7,0 X 10' 

B a c k g r o u n d ^ 

B a c k g r o u n d " 

B a c k g r o u n d b 

Backgroundt" 

Backgrounds^ 

B a c k g r o u n d ^ 

Background"^ 

B a c k g r o u n d ^ 

B a c k g r o u n d ^ 

B a c k g r o u n d " 

B a c k g r o u n d b 

Background' : ' 

7-3 X 10' 

^C:ovcr salt depth was 2 cm in all runs. 
b ^ r r o r in background was *ti counts/min. 
^Temperature of salt phase 

F u r t h e r s tudy ind ica ted tha t the r e a c t i o n of iodine wi th the 
Z n - L i C l - K C l m e d i u m p r o b a b l y o c c u r s in two s t e p s . The f i r s t s t e p i s f o r ­
m a t i o n of Znl2 f r o m zinc and iod ine . However , iodine would not be r e ­
t a i n e d in the z i n c - s a l t m e l t as Znl2 s ince th i s compound has a v a p o r 
p r e s s u r e of 760 T o r r a t 625°C. At 800°a (the n o r m a l t e m p e r a t u r e of the 
ba th ) , Znl j would be e x p e c t e d to e v a p o r a t e f r o m the m e l t . A R a m a n s p e c ­
t r o s c o p i c ana lys i s^ w a s m a d e of a sa l t s a m p l e p r e p a r e d by bubbl ing iodine 
t h r o u g h m o l t e n z i n c - s a l t unt i l the m o l e f r ac t ion of iodine in the sa l t w a s 
0 . 0 5 . The only o b s e r v e d peak in the R a m a n s p e c t r u m of the s a l t at 450°C 
was a t t r i b u t e d to ZnCl4^. This finding s u g g e s t s tha t the s econd s t ep is a 
r e a c t i o n b e t w e e n Znl2 and L i C l - K C l : 

Znl2 + 4KC1 = K2ZnCl4 + 2KI, 

Owing to th i s r e a c t i o n , iodine is c o m p l e t e l y r e t a i n e d in the c o v e r s a l t . In 
a p lan t o p e r a t i o n , the cove r sa l t would be d i s c a r d e d a s d r y ac t ive w a s t e . 

Two o the r p o s s i b l e c h e m i c a l s t a t e s of iod ine , Cs l and Fel2, 
have not b e e n i n v e s t i g a t e d e x p e r i m e n t a l l y . B a s e d on f r ee e n e r g i e s of f o r ­
m a t i o n , Cs l would not be e x p e c t e d to r e a c t f u r t h e r in the dec l add ing o r r e ­
duc t ion s t e p s but to co l l e c t in the cove r s a l t . F e r r o u s iodide would be 
r e d u c e d by m e t a l l i c z inc to Znl2 and i r o n . 

^The Raman spectroscopic studies were made by V. A. Maroni of this Division. 
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The da ta p r e s e n t e d h e r e s u g g e s t s t r o n g l y tha t a d e q u a t e c o n t r o l 
of iodine in p y r o c h e m i c a l h e a d - e n d s t e p s is f e a s i b l e u n d e r p r o c e s s 
condi t ions . 

B . Continuous C o n v e r s i o n of u / P u N i t r a t e s to Ox ides 

A n e c e s s a r y and p r e s e n t l y e x p e n s i v e s t e p in the n u c l e a r fuel cyc l e 
for L M F B R fuels is the c o n v e r s i o n of u r a n i u m n i t r a t e and p l u t o n i u m n i t r a t e 
so lu t ions (produced in n u c l e a r fuel r e p r o c e s s i n g p l a n t s ) to an oxide f o r m . 
This c o n v e r s i o n m u s t p rov ide the fuel f a b r i c a t o r w i th p o w d e r e d fuel o x i d e s 
sui table for the f ab r i ca t i on of fuel s h a p e s (pe l l e t s ) on a sa fe , r e l i a b l e , e c o ­
nomic b a s i s . The p r e s e n c e of p lu ton ium in L M F B R fuel n e c e s s i t a t e s a lpha 
con ta inment , and the i n t r i n s i c r a d i a t i o n f r o m p l u t o n i u m i s o t o p e s n e c e s s i ­
t a t e s that ope ra t ing p e r s o n n e l be p r o t e c t e d f r o m n e u t r o n s and g a m m a r a y s . 
Th i s , in turn., r e q u i r e s that fuel be f a b r i c a t e d r e m o t e l y o r s e m i r e m o t e l y . 

C u r r e n t l y , oxide fuel for n u c l e a r fuel e l e m e n t s is p r e p a r e d by m u l t i -
s t ep p r o c e s s e s , which inc lude p r e c i p i t a t i o n , f i l t r a t i o n , and c a l c i n a t i o n s t e p s . 
This p r o c e s s is slow, unduly s ens i t i ve to p r o c e s s c o n d i t i o n s , and not we l l 
su i ted to au toma t ion and r e m o t e o p e r a t i o n . The u n p r e c e d e n t e d l y h igh p lu ­
ton ium throughput r a t e s p r o j e c t e d for L M F B R fuel r e c y c l e wi l l r e q u i r e 
equ ipment of l a r g e capac i ty . The p r o b l e m s of n u c l e a r c r i t i c a l i t y and self-
r a d i a t i o n f r o m p lu ton ium a r e an incen t ive to deve lop con t inuous p r o c e s s e s 
and equ ipment so that a high capac i ty can be a c h i e v e d ^with r e l a t i v e l y low 
holdup of p lu ton ium. 

A continuous p r o c e s s is unde r i n v e s t i g a t i o n at A r g o n n e tha t of fers 
po ten t ia l economic advan tages and u n i f o r m p r o d u c t . Th i s p r o c e s s i s con ­
t inuous f lu id ized-bed d e n i t r a t i o n of u r a n i u m - p l u t o n i u m n i t r a t e so lu t i ons to 
a UO3-PUO2 powder form, followed by f l u i d i z e d - b e d r e d u c t i o n w i t h h y d r o g e n 
to U02-Pu02- This p r o c e s s l ends i t se l f to r e m o t e o p e r a t i o n and is b a s e d on 
ex tens ive f lu id ized-bed ca l c ina t ion technology^ d e v e l o p e d in t h i s D iv i s ion 
for the p r o c e s s i n g of u r a n y l n i t r a t e in a feed m a t e r i a l s p l a n t and a l u m i n u m 
n i t r a t e in a was t e ca lc ina t ion fac i l i ty . 

In f lu id ized-bed d e n i t r a t i o n , a h e a t e d b e d of oxide p a r t i c l e s ( typical 
of the den i t r a t ion p roduc t ) is f lu id ized wi th a i r . F e e d so lu t ion is s p r a y e d 
into the bed th rough an a tomiz ing n o z z l e . The l iqu id d r o p l e t s e i t h e r s t r i k e 
the p a r t i c l e s and t h e r m a l l y d e c o m p o s e (depos i t ing a f r e s h oxide l a y e r ) o r 
decompose in the gas phase ( forming s m a l l so l id p a r t i c l e s ) . The u s u a l 
den i t r a t ion t e m p e r a t u r e s a r e 275 to 400°C. By m e a n s of an ove r f low a r ­
r a n g e m e n t (which m a y be s u p p l e m e n t e d wi th p r o d u c t w i t h d r a w a l at the b o t ­
t om of the column), the b e d i n v e n t o r y in the d e n i t r a t o r i s kept c o n s t a n t . 

3A. A. Jonke, E. J. Petkus, J. W. Loeding, and S. Lawroski. Nucl. Sci. Eng. 2, 303 (1957). 
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The off-gas contains NO2, NO, O2, and water, the composition 
varying with the temperature of denitration. The reaction is endothermic; 
the heat required for denitrating uranyl nitrate hexahydrate (UNH) alone 
at 230°C would be about 260,000 Btu/(lb-mol uranium). Decomposition of 
the solutions to be used here, which typically are more dilute than UNH and 
contain excess nitric acid, will require an even greater heat input. 

An integrated program for laboratory studies and experimental work 
on a pilot engineering scale is in p rogress . 

1. Laboratory Investigations 

Initial work in the laboratory program was directed to^ward 
character izat ion (composition and structure) of denitration products and 
the study of the sinterability of fuel oxide prepared by denitration. In 
laboratory-scale experiments to character ize denitration products, solu­
tions containing uranyl nitrate alone, plutonium nitrate alone, and U-20% Pu 
nitrate (1.6M total metal ions) were denitrated by feeding a solution drop-
wise to a hot surface maintained at 300 to 600°C. Approximately 6 g of 
oxide was prepared in each experiment. Selected oxide products were ex­
amined by X-ray diffraction, with an electron microprobe, and by autoradiog­
raphy with the following resu l t s . 

The major phase in the UO3-2O wt % PUO2 mater ia l made at 
450°C was identified as gamma-UO3; PUO2 possibly constituted a minor 
phase. Material prepared at lower temperatures (~400°C) contained 
gamma-U03 and U03'H20. Electron-microprobe and autoradiographic 
examinations of mixed-oxide powder prepared at 450''C indicated that plu­
tonium distribution in the uranium oxide *natrix -was good. T̂ wo types of 
e lect ron-microprobe examination \vere made- - scanning (8 by lO-^um and 
80 by 100-/im areas) and single-spot (0.5-/.im-dia beam). It is noteworthy 
that, in a check of 30 individual spots, not a single spot Avas found to be 
completely free of plutonium, although the concentrations of plutonium var ­
ied considerably. 

Plutonium nitrate solutions denitrated at 450 and 300°C produced 
only PUO2 with the product prepared at 450°C showing greater crystal l ini ty. 
X-ray diffraction pat terns of PUO2 prepared by dropwise denitration at 300°C 
from (1) a 65% Pu(VI)-35% Pu(lV) nitrate solution, and (2) a Pu(IV) ni t ra te 
solution were compared. The latter was more crystal l ine, but there was 
no other obvious difference in the diffraction pat terns . 

In exploratory laboratory tests performed to determine the sin­
terabil i ty of fuel oxide prepared by denitration, several UO2- 17 wt % PUO2 
pellets were prepared by drop denitration of uranyl ni trate-plutonium ni­
t ra te solution, reduction of the UO3-PUO2 powder to UO2-PUO2, press ing 
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i n t o ~ 1 / 4 - i n , - d i a p e l l e t s , a n d s i n t e r i n g t h e p e l l e t s . T h e U O 3 - P U O 2 p o w d e r 

w a s p r e p a r e d b y t h e d r o p w i s e a d d i t i o n of a n i t r a t e s o l u t i o n ( a b o u t 1 . 6 5 M 

t o t a l U + P u ) i n t o a q u a r t z t u b e a t 3 0 0 ° C , A f t e r t r a n s f e r t o a s t a i n l e s s s t e e l 

c r u c i b l e , t h e U O 3 - P U O 2 w a s r e d u c e d t o U O 2 - P U O 2 w i t h h y d r o g e n a t 5 5 0 ° C . 

A p r e s s u r e of 8 7 , 0 0 0 p s i w a s u s e d i n f o r m i n g t h e p e l l e t s , w h i c h w e r e t h e n 

s i n t e r e d f o r 90 m i n a t 1650°C i n a n a r g o n a t m o s p h e r e . T h e p e l l e t s , w h i c h 

h a v e a d e n s i t y u p t o a b o u t 8 9 % of t h e o r e t i c a l , a r e b e i n g e x a m i n e d f o r h o m o ­

g e n e i t y , s t r u c t u r e , a n d i m p u r i t y c o n t e n t . 

In o t h e r l a b o r a t o r y w o r k , a p r o c e d u r e f o r d i s s o l v i n g U O 3 - P U O 2 

m a t e r i a l p r o d u c e d b y d e n i t r a t i o n w a s d e v e l o p e d a n d t e s t e d i n a s e r i e s of 

s c o u t i n g l a b o r a t o r y s t u d i e s . A d i s s o l u t i o n s t e p i s n e e d e d f o r t h e p i l o t - p l a n t 

p r o g r a m t o p e r m i t r e c y c l i n g of d e n i t r a t i o n p r o d u c t s a n d t h e r e b y m i n i m i z e 

p l u t o n i u m i n v e n t o r y r e q u i r e m e n t s . D i s s o l u t i o n d a t a a r e a l s o of i n t e r e s t f o r 

s c r a p r e c o v e r y p r o c e s s d e v e l o p m e n t . 

D i s s o l u t i o n t e s t s w e r e m a d e w i t h U O 3 - 2 O w t % PUO2 a n d w i t h 

PUO2 a l o n e t h a t h a d b e e n p r e p a r e d b y d r o p d e n i t r a t i o n a t 3 0 0 , 4 5 0 , a n d 

6 0 0 ° C . N i t r i c a c i d m o l a r i t i e s w e r e 5 t o 16 , d i s s o l u t i o n t e m p e r a t u r e s w e r e 

9 5 t o 120°C, a n d f i n a l a c t i n i d e c o n c e n t r a t i o n s i n t h e s o l u t i o n s w e r e 0 . 3 5 a n d 

1 ,5M. 

T h e d a t a i n d i c a t e d t h a t (1) o x i d e p r e p a r e d a t t h e l o w e s t t e m ­

p e r a t u r e , 3 0 0 ° C , w a s e a s i e s t t o d i s s o l v e , (2) t h e o x i d e d i s s o l u t i o n r a t e w a s 

u n a f f e c t e d b y t h e d i s s o l u t i o n t e m p e r a t u r e , (3) t h e d i s s o l u t i o n r a t e w a s u n ­

a f f e c t e d b y t h e f i n a l a c t i n i d e c o n c e n t r a t i o n w h e n d i s s o l u t i o n w a s w i t h 16N 

n i t r i c a c i d , a n d (4) t h e f r a c t i o n of p l u t o n i u m d i s s o l v e d w a s g r e a t e r w i t h 

I6N a c i d t h a n w i t h 5N; a l s o , t h e r a t e of p l u t o n i u m d i s s o l u t i o n w a s s i g n i f i ­

c a n t l y h i g h e r f o r UO3-2O w t % P u O z m a t e r i a l t h a n f o r PUO2 a l o n e - - ~ 9 9 % 

d i s s o l u t i o n w a s a c h i e v e d i n 5 h r a s c o m p a r e d w i t h 3 0 - 5 0 % d i s s o l u t i o n f o r 

PUO2 in a s i m i l a r p e r i o d . 

P l u t o n i u m i o n s t a b i l i t y i n n i t r i c a c i d s o l u t i o n s ( s i m u l a t e d f e e d 

s o l u t i o n s ) w a s a l s o s t u d i e d i n t h e l a b o r a t o r y . T h e c h a n g e i n v a l e n c e d i s ­

t r i b u t i o n , a s a r e s u l t of s t a n d i n g , of p l u t o n i u m (VI) a n d ( IV) i o n s i n n i t r a t e 

s o l u t i o n s 1 . 3 5 M i n p l u t o n i u m w a s m e a s u r e d s p e c t r o p h o t o m e t r i c a l l y . T h e 

a m o u n t s of P u ( V I ) a n d P u ( I V ) w e r e c a l c u l a t e d f r o m t h e o p t i c a l s p e c t r a . 

T h e s e d a t a a r e s h o w n i n F i g . 1-2 a l o n g w i t h d a t a r e p o r t e d b y C r a w l e y ^ f o r 

0 . 8 2 M P u i n 5 .3M H N O 3 s o l u t i o n a n d e a r l i e r A N L d a t a f o r a s o l u t i o n 

1.2M U - 0 . 3 M P u in ? - 4 M H N O 3 . 

F o r t h e i n i t i a l 5 0 - d a y p e r i o d , t h e c o n c e n t r a t i o n of P u ( V I ) i s a 

l i n e a r f u n c t i o n of t i m e , i n d i c a t i n g a z e r o - o r d e r r e a c t i o n w i t h r e s p e c t t o 

P u ( V I ) . A f t e r 50 d a y s , t h e r a t e a t w h i c h t h e c o n c e n t r a t i o n of P u ( V I ) i o n s 

d e c r e a s e s a p p a r e n t l y i n c r e a s e s . T h e r a t e of v a l e n c e c h a n g e i n t h e 

D. T. Crawley, "Pressure Buildup of Plutonium Nitrate Solutions in Sealed Shipping Containers," 
ARH-1093 (July 15. 1969). 
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Fig. 1-2. Reduction of Pu(VI) in HNO3. 
ANL Neg No. 308-2331, 

r a n g e 0,3 to 1.35M p l u t o n i u m is i n ­
dependen t of the i n i t i a l p l u t o n i u m 
c o n c e n t r a t i o n . E x a m i n a t i o n of a 
so lu t ion 1.3 5M p l u t o n i u m in 
3M HNO3 r e v e a l e d no s p e c t r a for 
t r i v a l e n t or p e n t a v a l e n t p l u t o n i u m . 

2. E n g i n e e r i n g P r o g r a m 

A f l u i d i z e d - b e d p i lo t 
p lan t has b e e n c o n s t r u c t e d to s t u d y 
d e n i t r a t i o n of m i x t u r e s of u r a n i u m 
n i t r a t e and p l u t o n i u m n i t r a t e so lu ­
t i o n s . B e c a u s e of the b r o a d e x p e r i ­
ence wi th c y l i n d r i c a l c o l u m n s in 
e a r l i e r d e n i t r a t i o n w o r k , i n i t i a l in ­
v e s t i g a t i o n s a r e be ing done wi th a 

s t a i n l e s s s t e e l c y l i n d r i c a l f l u id i zed -bed d e n i t r a t o r 4 in. in d i a m e t e r , w h i c h 
is c o n s i d e r e d c r i t i c a l l y safe for feeds conta in ing up to 20% p l u t o n i u m . A 
p a r a l l e l effort wi l l be the d e v e l o p m e n t of a s l a b - s h a p e d c o l u m n tha t of fers 
n u c l e a r c r i t i c a l i t y a d v a n t a g e s when s c a l e d up for h i g h - p l u t o n i u m s y s t e m s . 

The d e n i t r a t i o n p i lo t p lan t was c o n s t r u c t e d in an ex i s t i ng 3 - by 
4 - m o d u l e g lovebox . The m a j o r uni t is a 4 - i n . - d i a f l u i d i z e d - b e d d e n i t r a t o r 
w i th i n t e g r a l f i l t e r s . The f l u id i zed -bed d e n i t r a t o r c o n s i s t s of t h r e e s e p a ­
r a t e l y f langed p a r t s - - t h e c o n e - s h a p e d g a s - d i s t r i b u t o r s e c t i o n at the b o t t o m 
of the d e n i t r a t o r , the d e n i t r a t i o n s ec t i on , and the f i l t e r c h a m b e r . A s p r a y 
n o z z l e and t e m p e r a t u r e or p r e s s u r e s e n s o r s can be p o s i t i o n e d at 3 - , 6 - , 
o r 9 - in . l e v e l s . The d e n i t r a t i o n s e c t i o n is h e a t e d by twe lve 2 0 0 0 - W W a t l o w 
r e s i s t a n c e h e a t e r s , c o p p e r - s p r a y - b o n d e d to the e x t e r i o r w a l l . The f i l t e r 
c h a m b e r , m o u n t e d d i r e c t l y above the bed, is f a b r i c a t e d of 4 - i n . - d i a , 
s chedu l e 40, Type 304 s t a i n l e s s s t ee l p ipe 47 in. long, and con ta ins two 
1 8 - i n . - l o n g s i n t e r e d s t a i n l e s s s t ee l f i l t e r s . 

A u x i l i a r i e s inc lude a n i t r a t e so lu t ion m a k e - u p s y s t e m , a p r e ­
h e a t e r for the f lu idiz ing g a s , an off-gas c o n d e n s e r and c o n d e n s a t e r e ­
c e i v e r , a d e m i s t e r , and h igh-e f f i c i ency (AEC- type ) f i l t e r s for f u r t h e r 
o f f -gas c l e a n u p . All p r o c e s s v e s s e l s a r e of s t a i n l e s s s t e e l . I n s t r u m e n t a ­
t ion c o n s i s t s of a p p r o p r i a t e t e m p e r a t u r e and p r e s s u r e s e n s o r s wi th l o c a l 
o r p a n e l b o a r d r e a d o u t s , c o n t r o l l e r s , r e c o r d e r s , and a da ta l o g g e r . F i g ­
u r e 1-3 is a s imp l i f i ed d rawing of the p i lo t p lan t for the d e n i t r a t i o n 
e x p e r i m e n t s . 

The o p e r a b i l i t y of the pi lot p lan t was checked out in a s e r i e s 
of s i x d e n i t r a t i o n runs at 300°C wi th u r a n y l n i t r a t e . A wide r a n g e of 
o p e r a t i n g condi t ions was u s e d to d e t e r m i n e any p a r t i c l e - s i z e effects ( i . e , , 
g r o w t h or d i m i n u t i o n t r e n d s in bed p a r t i c l e s i z e ) . The i n i t i a l b e d in e a c h 
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60K ATMOSPHERE 

CONDENSATE RECEIVER 

Fig. 1-3. Equipment Components of 4-in.-dia 
Denitration Pilot Plant. 

as 14 h r . Mechan ica l ope rab i l i t y 
abil i ty to ma in t a in un i fo rm feed r 
heat input capaci ty for the des ign 
in five of the six r u n s . 

c a s e c o m p r i s e d about 7200-8500 g of 
UO3 wi th an a v e r a g e p a r t i c l e s i ze of 
162 / i m , and a bulk d e n s i t y of 4.2 g / c c . 
F e e d so lu t ions w e r e 1 to 2 .4M u r a n y l 
n i t r a t e in 0.2 or l.OM n i t r i c a c i d . F e e d 
r a t e s r a n g e d f r o m 50 m l / m i n of IM 
u r a n y l n i t r a t e to 100 m l / m i n of 2 .4M 
u r a n y l n i t r a t e ; t h e s e r a t e s a r e e q u i v a ­
len t to p r o d u c t i o n r a t e s of 22 and 
105 lb U03/ (h r ) ( f t ^ r e a c t o r c r o s s 
s e c t i o n ) , the u p p e r va lue be ing j u s t 
above the d e s i g n goa l of 100 lb / (h r ) ( f t^ ) . 
F l u i d i z i n g - a i r v e l o c i t i e s w e r e 1 to 
1.5 f t / s e c . Vo lume r a t i o s of nozz l e a i r 
to l iquid in the feed r a n g e d f r o m 330 to 
640. Runs w e r e con t inued for a s long 
tha t i s , e a s e of s t a r t u p and shutdown, 

a te and f l u i d i z e d - b e d l e v e l , and suff ic ient 
goal of 100 lb U 0 3 / ( h r ) ( f t ^ ) - - w a s good 

Resu l t s a r e c o n s i d e r e d p r e l i m i n a r y and c o n c l u s i o n s t e n t a t i v e 
because runs w e r e of r e l a t i v e l y s h o r t d u r a t i o n and s ince r e s u l t s for 
u r a n i u m - p l u t o n i u m s y s t e m s m a y differ f r o m t h o s e for u r a n i u m a l o n e . The 
des ign goal of 100 lb U03/(hr) ( f t^) was r e a c h e d when 2.0M u r a n y l n i t r a t e 
was fed at about 100 m l / m i n . The effects on p a r t i c l e s i z e w e r e as fo l lows; 

(1) Slight p a r t i c l e g r o w t h o c c u r r e d in the b e d . 

(2) Both fine (-200 m e s h ) and c o a r s e m a t e r i a l (+8 m e s h ) 
formed; fines cons t i tu ted about 5% of the p r o d u c t , w h e r e a s the c o a r s e 
fract ion r e p r e s e n t e d about 5- 10% of the p r o d u c t . 

(3) S imi la r p a r t i c l e - s i z e d i s t r i b u t i o n s w e r e found for p r o d u c t 
sampled at the overflow point and a t the b o t t o m w i t h d r a w a l po in t . Th i s 
indica tes that good mixing was o c c u r r i n g in the b e d . 

The c u r r e n t p r o g r a m has g iven an ins igh t in to the c h a r a c t e r ­
i s t i c s of our den i t r a t ion p i l o t - p l a n t o p e r a t i o n and h a s shown tha t the 
equipment and i n s t r u m e n t a t i o n a r e funct ioning p r o p e r l y . W o r k wi th 
u ran ium-p lu ton ium is p lanned . C r i t i c a l l y safe a u x i l i a r y i t e m s (e .g . , a 
d i s so lver to p e r m i t r e c y c l e of UO3-PUO2 and a feed s t o r a g e v e s s e l ) a r e 
being designed. 

C- In-Line Ana lys i s in Fue l F a b r i c a t i o n • 

The appl icat ion of i n - l ine n o n d e s t r u c t i v e m e t h o d s for ana lyz ing 
c r i t i ca l p r o p e r t i e s of fuel du r ing f a b r i c a t i o n is expec t ed to l o w e r fuel 
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fabrication costs of the large number of fuel elements and subassemblies 
that will be produced in the LMFBR program. Rigorous specifications for 
ceramic uranium-plutonium oxide fuel have been set, but these may be r e ­
laxed when adequate experimental data relating the effects of various fuel 
proper t ies to fuel performance are accumulated and evaluated. In this 
work, the specifications and associated precisions for Fast Flux Test 
Facility (FFTF) fuel have been selected as the starting cr i te r ia in evalu­
ating analytical methods. The determination of P u / u ratio and O / M rat io 
of fuel oxide, which will be part of any anticipated fabrication procedure, 
is being studied. In order to accommodate large-scale fuel production 
ra tes (or continuous processing), analyses must be performed rapidly. 
This report summar izes ANL work on the development of rapid, in-line 
analytical methods for determining these two ra t ios . 

1, Determination of Pu/U Ratio 

The most probable concentration of plutonium in oxidic FBR 
fuels is in the range from 15 to 25%. Analytical methods recommended in 
F F T F documents are for determining plutonium and uranium in aqueous 
solutions. ControUed-potential coulometry is the recommended method; 
an alternative procedure is X-ray fluorescence spectrometry utilizing an 
internal standard of yttr ium in solution. 

For the direct measurement of Pu/U ratios in oxide powder or 
pellet, the potentiality of X-ray fluorescence spectrometry can be inferred 
from the application of this method to the determination of various elements 
in certain industries such as copper ore processing and cement production. 
To apply the method to (U,Pu)02 fuel, problems of matr ix effects (i.e., ab­
sorption and enhancement) must be evaluated. 

The relationship of the atomic numbers between the pa i r s , 
thor ium-uranium and uranium-plutonium, resul ts in s imilar i ty of f luores­
cence and absorption character is t ics and allows the use of thor ium-uranium 
oxide as a stand-in for uranium-plutonium oxide, avoiding the hazards of 
handling plutonium. Secondary fluorescence or enhancement is likewise 
s imilar for the two pa i r s - - i n thorium-uranium oxides, the ULa emitted 
X-rays excite ThLa emission; in uranium-plutonium oxides, P u L a emitted 
X-rays excite ULa emission. 

Mixtures of Th02 and UO2 were prepared having UO2 concentra­
tions of 10, 20, 30, and 40 wt %. The relative intensities of ThLa and ULa 
fluorescence spectra were measured with a Norelco X-ray fluorescence 
spect rometer . The expected matr ix effects of enhancement of ThLa and of 
absorption loss for ULa were observed. Fur ther study will be required to 
define quantitatively the effects of crystall i te size, part icle density, and 
packing density. If calculation of these mat r ix effects is possible, the num­
ber of standard calibration samples required would be reduced dras t ical ly . 



20 

In work to increase the speed of analysis with the X-ray f luores­
cence spectrometer, 20-mil collimators were substituted for the 5-mil col­
limators originally used. Increased count ra tes were obtained along with 
adequate resolution of the thorium and uranium peaks. The count rate 
achieved for uranium (2 x 10^ cps) under these conditions suggests that 
analysis of one pellet per minute is feasible. This analysis rate can ac­
commodate a production rate of 900,000 pellets per day if the batch size is 
equivalent to 500,000 pellets. Fur ther study is needed to determine if the 
analysis rate, batch size, and quality assurance c r i t e r ia are compatible 
with the expected plant capacity. 

2, Determination of O / M Ratio 

The initial O / M ratio of (U.,Pu)02 fuel mater ia l may have a 
major effect on changes in the fuel during irradiat ion and fuel performance. 
Present specifications for F F T F pellets are for an initial O / M ratio of 
1,97 + 0,02. The recommended method of analysis for O / M rat io is based 
on the weight change upon heating a sample in a gas with controlled oxidation-
reduction potential. This method is slow and destruct ive. A method based 
on measuring physical propert ies such as the lattice pa ramete r would be 
rapid, nondestructive, and possibly adaptable for in-line use . 

The U-Pu-O ternary system has been studied extensively by 
X-ray diffraction at Harwell, Karlsruhe, and various USAEC s i tes . When 
the O / M ratio is carefully controlled at 2.00, Vegard 's relationship between 
UO2 and PUO2 has been demonstrated, i .e. , a linear change of lattice cell 
size with a change of plutonium content was observed. A Vegard relation­
ship between UO2 and PuOi,5 has not been fully established. The single-
phase region (fee) at room temperature extends at least up to a Pu /Pu + U 
ratio of 0.15 and perhaps up to a Pu /Pu + U ratio of 0.35. 

Data have been located in the l i tera ture that relate the lattice 
parameter to the O / M ratio for te rnary mater ia l for which adequate analysis 
for Pu and O can be presumed. At constant P u / P u + U, a linear variation 
of lattice parameter with O / M is shown; coefficients are about 0.5 pm 
(0.005 A) per 0.02 O / M (the unit for the F F T F specification of precision is 
0.02 O / M ) . Treating all of the l i terature data as one relationship with the 
constraint of the Vegard relationship for stoichiometric oxide produces the 
following relationship of lattice parameter (ag), plutonium content (Pu) and 
O / M ratio ( O / M ) : 

ao = 6.1127 - 0.534 (Pu) - 0.321 ( O / M ) + 0 .229 (Pu) ( O / M ) . 

For a 1% change ôf the O / M ratio, the change in lattice parameter is 
0.55 pm (0.0055 A), which is easily measured because it is about ten t imes 
the usual precision of lattice parameter measurements . 
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3, Conclusions 

Evidence of the feasibility of rapid, nondestructive analytical 
methods for determining the P u / u ratio of (U,Pu)02 FBR fuels has been 
obtained from the resul ts of prel iminary experiments and from l i tera ture 
information. Fur ther experiments should demonstrate that adequate p r e ­
cision (±0.5%) can be achieved, should delineate the influences of part icle 
size and density, and should define the potential of these methods for on­
line application. 

Determination of O / M by lattice parameter measurement with 
X-ray diffraction techniques has been supported by l i terature information. 
The method is currently in use by scientists defining phase diagrams and 
proper t ies of the U-Pu-O ternary system. It has potential as an off-line 
analytical method applied to FBR fuel fabrication, 

D, Adaptation of Centrifugal Contactors in LMFBR Fuel Process ing 

Large centrifugal contactors are presently being used at the 
Savannah River Plant (SRP) to recover uranium and plutonium from 
product ion-reactor fuels using a Purex p rocess . (The Purex process em­
ploys multiple solvent extraction cycles to separate uranium and plutonium 
from each other and from fission products. The solvent is tributyl phos­
phate in a kerosene-type diluent, and the aqueous phases contain nitric acid.) 
Centrifugal contactors have demonstrated unique advantages over other con­
tactors such as pulse columns and mixer se t t lers : high capacity relative to 
holdup volume, reduced radiation damage to solvent, rapid achievement of 
equilibrium operating conditions, and quick flushout of equipment at the end 
of a processing campaign. « 

Purex-type solvent extraction processes are now under development 
for processing of Liquid-Metal Fas t -Breeder Reactor (LMFBR) fuels. The 
high plutonium content of these fuels and the reduced cooling time allowed 
before processing require modifications of the process and the operating 
equipment. 

A program has been undertaken to extend the centrifugal contactor 
design of the SRP units to a configuration suitable for safe and efficient 
handling of plutonium in the plutonium isolation cycles during Purex 
solvent-extraction processing of LMFBR fuels. The principal advantage 
sought is an increase in nuclear safety by limiting the diameter of the unit 
to a cri t ical ly favorable dimension, while maintaining a relatively high 
throughput. A high throughput can be achieved by using high rotor speeds 
as well as a long settling zone in the rotor to achieve increased residence 
t imes . 
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ILET FOR AIR-CONTROLLED 
AQUEOUS WE 

NLET NOZZLE 

A centrifugal contactor has 
been designed for testing and is 
currently being fabricated. The 
main components are shown in 
Fig. 1-4. The rotor has a 4-in. ID 
and is 15 in. in length and is sup­
ported by a shaft entering the top 
of the contactor. The ID of the 
stator is 4-|-in., which is cri t ical ly 
safe for plutonium concentrations 
as high as 200 g/ l i ter (assuming 
full water reflection and without 
credit for neutron absorption by 
any ^''"Pu present) . It is not ex­
pected that a plutonium concentra­
tion approaching 200 g/ l i ter will 
occur in Purex flowsheets for 
which this type of contactor may 
be employed. 

In the unit shown, an aque­
ous and an organic phase enter 
the mixing chamber located below 
the rotor . The phases are mixed 
by a paddle attached to the end of 
the rotor shaft. Radial baffles 
located just above the mixing 
chamber direct the mixed phases 

into an orifice in the bottom of the spinning rotor, where they are quickly 
accelerated to rotor speed by four internal vert ical vanes. The phases are 
separated by centrifugal force as they move upward through the rotor, with 
the heavy phase moving to the outside and a layer of emulsion floating be­
tween the clear heavy and light phases. A weir is provided for each phase, 
and the position of any unseparated emulsion is adjusted by air control to 
locate it between the light-phase weir and the opening to the heavy-phase 
weir. This feature (which was developed at Savannah River) permits opera­
tion over a broader range of phase density ratios and flow ra tes than could 
be achieved with a fixed weir. The separated phases a re dischargedthrough 
ports near the top of the rotor. 

MIXING CHAMGEli 

Fig. 1-4. Experimental Centrifugal Contactor. 
ANLNeg. No. 308-2377. 

The r o t o r is suppor t ed only a t the top in o r d e r to avoid p r o b l e m s 
that might be caused if b e a r i n g s w e r e o p e r a t e d in c o r r o s i v e s o l u t i o n s . 
Accordingly, the length of the r o t o r and i t s o p e r a t i n g speed a r e l i m i t e d by 
the c r i t i c a l speed of the shaft and r o t o r a s s e m b l y . At the c r i t i c a l s p e e d , 
any v ibra t ion r e su l t i ng f r o m r o t o r i m b a l a n c e i s s t r o n g l y r e i n f o r c e d and 
can lead to e x c e s s i v e def lec t ion of the r o t o r , h igh s t r e s s e s , and p o s s i b l e 
fai lure of the equipment . The p r e s e n t sp ind le a s s e m b l y for the r o t o r c a n 
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accommodate a l|--in. dia shaft. Calculations of cri t ical speeds indicated 
that the rotor assembly would have a first crit ical speed of about 5400 rpm 
if the length of the rotor bowl was limited to 15 in. Since the generally 
recommended safe operating speed is about 70% of the cri t ical speed, op­
erating speeds of about 3600 rpm should be permissible with the proposed 
rotor . 

The weir section occupies the upper 3 in. of the rotor length; the 
remaining 12 in. is available for use as a settling zone. The length-to-
diameter ratio of three for the settling zone and the operating speed of 
3600 rpm will extend the study of operating character is t ics beyond the 
range of the SRP units, which have a settling-zone length of about 13 in., 
a rotor diameter of 10 in,, and an operating speed of 1750 rpm. 

A facility has been built in which experimental centrifugal contac­
tors will be tested using various organic and aqueous s t r eams . The facility 
is equipped with supply tanks for the aqueous and organic s t r eams , pumps, 
constant-head tanks, and flo'wmeters . The spindle that supports the rotor 
v^ill be driven through a belt by a dc motor to permit operation over a 
range of rotor speeds. The entire facility is enclosed in a ventilated hood 
to confine any organic or acid vapors released. 

The testing program to be carr ied out with the above contactor is 
designed to establish separating capacities with an aqueous phase consisting 
of a nitric acid solution and an organic phase consisting of tributyl phos­
phate in refined kerosene or n-dodecane diluent. Performance data from 
these tests will be compared with performance data from tests of the 
Savannah River units. Additional tests will be made with inactive uranium 
feed solutions to evaluate the mass - t rans fe r efficiency of the contactor. 

The contactor design provides for the removal of the lower mixing 
section to permit replacement of the mixing paddle. One of the variables 
to be tested is the effect of different types of mixing paddles. In addition, 
it will be possible to replace the bottom section with a special housing that 
will permit an independently driven paddle to be introduced into the mixing 
chamber. This arrangement allows investigation of the effects of operating 
the rotor and the mixing paddle at different speeds. 

The design of the ANL contactor also permits it to be converted into 
an annular mixing unit. In the latter design, the mixing paddle and mixing 
chamber a re removed. The aqueous and organic s t reams enter through 
inlet lines in the upper part of the stator (i.e., through the contactor casing) 
and are mixed by skin friction as they flow downward through the annular 
space between the spinning rotor and the stator. At the bottom of the stator, 
four radial baffles convert some of the kinetic energy of the spinning fluid 
into p r e s s u r e . The mixed phases flow into the rotor and are separated as 
is described above. 
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The principal advantages sought in the annular design are simpler 
fabrication, lighter weight (which may have a significant effect on cr i t ical 
speed for a rotor that has a relatively high length-to-diameter ratio), and 
potential hydrodynamic support of the spinning rotor by the fluid in the 
annular space. 

Preliminary tests of the annular mixer design have been made with 
plastic units having 4-in. OD by 15-in. long ro tors and 4-|--in. and 5-in. ID 
stators. Throughput rates with water alone were as high as 11 gpm, de­
pending on the size of the orifice in the rotor , the rotor speed, and the in­
ternal construction of the rotor (i.e., one of the ro tors has a smal ler flow 
area for the aqueous phase and therefore yields a lower throughput when 
other operating conditions are the same). Measurements of mixing power 
input made while the unit was mounted on a dynamometer test stand showed 
that the power input was high, indicating a high mixing intensity. Future 
studies of phase separation and mass t ransfer will allow contactor per­
formance to be evaluated. 



II. SODIUM TECHNOLOGY 

The Division's effort in sodium technology is conveniently divided 
into three sections: Sodium Chemistry, Analytical Standards P rog ram, and 
Engineering Development. 

The sodium chemistry work was the initial activity for the Chemical 
Engineering Division in sodium technology, and for some time it constituted 
the major effort. Within the past year, however, there has been an increased 
Laboratory (and Divisional) involvement in the timely design and successful 
operation of the Fas t Flux Test Facili ty (FFTF) and sodium-cooled fast 
breeder demonstration reac tors ; this involvement has led to increased em­
phasis on analytical development, par t icular ly the establishment of national 
analytical standards, and on engineering development, including the develop­
ment of monitors for impurit ies in sodium, methods for detecting and lo­
cating fuel failures in operating reac tors , and methods of safe and effective 
nnaintenance of (contaminated) reactor sys tems. Such emphases have ne­
cessitated a reduction in the effort applied to the more basic chemical 
studies. 

The current effort in sodium chemistry involves a study of oxygen-
and hydrogen-bearing species in sodium, measurement of the heat of solu­
tion of oxygen in sodium, characterizat ion of carbon- and ni t rogen-bearing 
species in sodium, and determination of the solubility of xenon in sodium. 

Analytical work includes the activities of the Analytical Standards 
Laboratory, notably, the development and establishment in the national 
sodium community of standard analytical procedures , and the development 
of a method for determining oxygen, carbon* and nitrogen in sodium by p r o ­
ton activation. 

Engineering studies include development of monitors for the m e a s ­
urement of the activities in sodium of dissolved oxygen, carbon, and hydrogen 
and of a detector for the leakage of small amounts of water into sodium; in­
vestigation of methods for detecting and locating failed fuel; studies of the 
problems of radioactivity in reactor systems and their relation to mainte­
nance procedures ; and a study of the nature and control of sodium aerosols 
in reactor cover gas. 

A. Sodium Chemistry 

The p rogram on the chemistry of liquid sodium is directed toward 
the development of a sound scientific foundation for understanding the be­
havior of sodium's common nonmetallic contaminants--carbon, nitrogen, 
oxygen, and hydrogen--so that analytical methods can be developed for 
these contaminants and potential corrosion problems in sodium sys tems 
can be predicted from existing corrosion data. Recent effort in the p rog ram 
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h a s b e e n d e v o t e d t o (1) e l u c i d a t i n g t h e p h a s e r e l a t i o n s i n t h e N a - N a 2 0 - N a O H -

N a H s y s t e m , (2) d e t e r m i n i n g t h e h e a t of s o l u t i o n of o x y g e n i n s o d i u m , ( 3 ) d e ­

t e r m i n i n g t h e s t a b i l i t y i n s o d i u n n of d i s o d i u m a c e t y l i d e - - a c o m p o u n d b e l i e v e d 

t o b e i m p o r t a n t m c a r b o n t r a n s p o r t , a n d (4 ) s t u d y i n g t h e i n t e r a c t i o n s of 

n i t r o g e n a n d c a l c i u m i n s o d i u m a n d t h e r e b y a s s e s s i n g t h e r o l e of c a l c i u m 

in e n h a n c i n g n i t r i d a t i o n of s t e e l s in s o d i u m s y s t e m s . I n c l u d e d i n t h e p r o ­

g r a m i s a r e s e a r c h e f f o r t w h i c h d o e s n o t f a l l i n t h e a b o v e c a t e g o r i e s , b u t 

w h i c h p r o v i d e s i n f o r m a t i o n u s e f u l i n f u e l e l e m e n t d e t e c t i o n a n d l o c a t i o n 

( F E D A L ) s c h e m e s , n a m e l y , d e t e r m i n a t i o n of t h e s o l u b i l i t y of x e n o n i n l i q u i d 

s o d i u m . 

1 . C h a r a c t e r i z a t i o n of O x y g e n - a n d H y d r o g e n - B e a r i n g S p e c i e s 

in S o d i u m 

a . T h e S o d i u m - R i c h C o r n e r of t h e S o d i u m - O x y g e n - H y d r o g e n 

T e r n a r y S y s t e m 

T h i s i n v e s t i g a t i o n s e e k s t o u n d e r s t a n d t h e b e h a v i o r of 

o x y g e n - a n d h y d r o g e n - b e a r i n g s p e c i e s in l i q u i d s o d i u m . T h e r e s u l t s w i l l 

d i r e c t l y a s s i s t i n t h e d e v e l o p m e n t a n d e v a l u a t i o n of a n a l y t i c a l m e t h o d s f o r 

t h e q u a l i t a t i v e a n d q u a n t i t a t i v e n n o n i t o r i n g of o x y g e n a n d h y d r o g e n i m p u r i t i e s 

in s o d i u m . In a d d i t i o n , i n f o r m a t i o n w i l l b e o b t a i n e d t h a t w i l l p r o v i d e a s t r o n g 

f o u n d a t i o n fo r f u t u r e i n v e s t i g a t i o n s of c o l d t r a p p i n g , c a u s t i c s t r e s s c o r r o ­

s i o n , m a s s t r a n s p o r t , a n d o t h e r r e l a t e d t o p i c s . T h e i n i t i a l e f f o r t i s b e i n g 

d i r e c t e d t o w a r d t h e e l u c i d a t i o n of t h e p h a s e r e l a t i o n s i n t h e N a - N a 2 0 -

N a O H - N a H s y s t e m . 

T h e p r o b l e m s a s s o c i a t e d w i t h t h e r e a c t i o n of s o d i u m w i t h 

O2 a n d H J h a v e b e e n e x t e n s i v e l y s t u d i e d i n v a r i o u s l a b o r a t o r i e s . F o r t h e 

m o s t p a r t , t h e e m p h a s i s i n t h e s e s t u d i e s h a s b e e n o n s a f e t y c o n s i d e r a t i o n s 

a n d on d e v e l o p i n g a b r o a d u n d e r s t a n d i n g of t h e c h e m i c a l a n d m e c h a n i c a l 

i n t e r a c t i o n of t h e r e a c t i o n p r o d u c t s w i t h o t h e r L M F B R c o m p o n e n t s . D e t a i l s 

of t h e a c t u a l c h e m i c a l r e a c t i o n s a n d t h e n a t u r e a n d d i s t r i b u t i o n of t h e r e ­

s u l t a n t s p e c i e s h a v e r e c e i v e d o n l y l i m i t e d a t t e n t i o n . N e v e r t h e l e s s , s e v e r a l 

r e v i e w s ' " ^ h a v e r e c e n t l y b e e n m a d e of t h e a v a i l a b l e i n f o r m a t i o n o n t h e p h a s e 

r e l a t i o n s t h a t e x i s t b e t w e e n N a , N a j O , N a O H , a n d N a H . I n e a c h c a s e , t h e 

c o n c l u s i o n w a s r e a c h e d t h a t e s s e n t i a l l y n o u n e q u i v o c a l i n f o r m a t i o n i s a v a i l ­

a b l e on t h e N a - N a 2 0 - N a O H - N a H t e r n a r y s y s t e m a n d t h a t t h e r e s p e c t i v e 

b i n a r i e s , i . e . , t h e s y s t e m s N a - N a 2 0 , N a 2 0 - N a O H , N a O H - N a H , a n d N a H - N a , 

h a v e b e e n d e t e r m i n e d o n l y f r a g m e n t a r i l y . A l t h o u g h t h e a v a i l a b l e i n f o r m a t i o n 

i s s p a r s e , i t h a s s e r v e d u s a s a b a s i s f o r t h e c o n s t r u c t i o n of t w o v e r y t e n t a ­

t i v e b u t s e l f - c o n s i s t e n t v e r s i o n s of t h e N a - N a 2 0 - N a O H - N a H d i a g r a m . T h e 

a s s u m p t i o n w a s m a d e t h a t e i t h e r N a j O - N a O H o r N a O H - N a H i s a q u a s i -

b i n a r y s e c t i o n a n d , t h u s , t h a t t h e N a - N a ^ O , N a O H - N a H s e c t i o n of t h e l a r g e r 

iB. A. Shikhov, Russ. J. Inorg. Chem. (English Transl.) 12, 545 (1967). 
S A. Jarisson, in Corrosion by Liquid Metals, pp. 523-560, J. E. Draley and J. R. Weeks, eds., Plenum Press, 
New York (1970). 

3j. L. Henry, U.S. Bureau of Mines, Albany, Oregon, unpublished work. 



N a - O - H t e r n a r y can be t r e a t e d i ndependen t ly . A l s o , the h y d r o g e n p a r t i a l 
p r e s s u r e w a s c o n s i d e r e d to be suff ic ient ly l a r g e so tha t NaH m e l t s con -
g r u e n t l y . Both d i a g r a m s show a r eg ion of l iqu id i m n n i s c i b i l i t y in a c c o r d 
wi th Sh ikhov . ' 

O u r e x p e r i m e n t a l p r o g r a m is a d d r e s s e d to (a) d e t e r m i n i n g 
which of the two d i a g r a m s is m o r e r e l i a b l e , (b) re f in ing the s e l e c t e d d i a ­
g r a m and (c) s tudying the i n t e r a c t i o n s be tween h y d r o g e n - and oxygen-
b e a r i n g s p e c i e s in s o d i u m at L M F B R t e m p e r a t u r e s . E m p h a s i s wi l l be 
p l a c e d i n i t i a l l y on the N a - N a O H s y s t e m b e c a u s e of i t s s p e c i a l p e r t i n e n c e 
to a n a l y t i c a l m e t h o d s d e v e l o p m e n t . 

To de t e rnn ine which of the two d i a g r a m s i s m o r e r e l i a b l e , 
h e a t - t r e a t e d m i x t u r e s of Na, Na20 , NaOH, and NaH wil l be e x a m i n e d at 
r o o m t e m p e r a t u r e by X - r a y p o w d e r d i f f rac t ion t e c h n i q u e s . A s e l e c t i o n 
be tween the d i a g r a m s m a y be p o s s i b l e on the b a s i s of the p h a s e s p r e s e n t 
a n d / o r a b s e n t . P r e l i m i n a r y e x p e r i m e n t s a r e u n d e r w a y . 

To re f ine the s e l e c t e d d i a g r a r a and to s tudy the h y d r o g e n -
o x y g e n - s o d i u m i n t e r a c t i o n s at e l eva t ed t e m p e r a t u r e s , the m e t h o d s e l e c t e d 
i s t h a t of s i m u l t a n e o u s l y d e t e r m i n i n g (a) the a c t i v i t i e s of oxygen and h y d r o ­
gen in the v a r i o u s p h a s e f ie lds and (b) the n a t u r e and c o n c e n t r a t i o n of t he 
s p e c i e s in the v a p o r in t h e r m o d y n a m i c e q u i l i b r i u m with the l iqu id and so l id 
t e r n a r y p h a s e s . A c o r r e l a t i o n of t h e s e p a r a m e t e r s wi th kno\vn a d d i t i o n s of 
Na20 , NaOH, and NaH to l iquid s o d i u m should p r o v i d e in s igh t into the n a t u r e 
of the i n t e r a c t i o n s and d e l i n e a t e the p h a s e s and p h a s e - r e g i o n b o u n d a r i e s of 
the t e r n a r y s y s t e m . 

' An a p p a r a t u s for t h i s p u r p d s e h a s b e e n d e s i g n e d . The m a i n 
c o m p o n e n t i s a l a r g e (-1000 c m ) n i c k e l K n u d s e n ce l l tha t i s h e a t e d by a 
s t a n d a r d w i r e - w o u n d f u r n a c e . Vapor f r o m the cel l ef fuses t h r o u g h s e v e r a l 
o r i f i c e s (e f fec t ive ly c o n v e r t i n g the vapor into a m o l e c u l a r b e a m ) and in to 
a p r e c i s i o n q u a d r u p o l e m a s s s p e c t r o m e t e r . A c r i t i c a l a n a l y s i s of the m a s s 
d a t a should p r o v i d e iden t i ty i n f o r m a t i o n tha t i s d i r e c t l y r e l a t e d to t he p a r ­
t i c u l a r so l id and l iquid p h a s e s p r e s e n t in the K n u d s e n c e l l . A l s o i n s e r t e d 
into the K n u d s e n ce l l a r e oxygen- and h y d r o g e n - a c t i v i t y p r o b e s . T h e ou t ­
pu t s of t he two p r o b e s wi l l be naon i to red for the d i s c o n t i n u i t i e s tha t a r e 
p r o d u c e d by t r a n s g r e s s i o n s of t he v a r i o u s p h a s e - r e g i o n b o u n d a r i e s . 

b . The Hea t of Solut ion of Oxygen in L iqu id Sod ium 

App l i ca t i on of g a l v a n i c - c e l l m e t h o d s for m o n i t o r i n g oxygen 
a c t i v i t y in l iqu id s o d i u m w a s f i r s t p r o p o s e d by G. W. H o r s l e y in 1959. 
A s y s t e m a t i c effort to u s e a sol id e l e c t r o l y t e in the n n e a s u r e m e n t of s o m e 
of the t h e r m o d y n a m i c p r o p e r t i e s of the s o d i u m - o x y g e n s y s t e m w a s s t a r t e d 
by A l c o c k and S t a v r o p o u l o s in 1963, and h a s b e e n con t inued by s c i e n t i s t s 
a t B r o o k h a v e n N a t i o n a l L a b o r a t o r y s i n c e 1967. 

^C. P. Stavropoulos, Ph.D. thesis, University of London (1967). 
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In an effort to further our understanding of solutions of 
oxygen in sodium, work was started on the measurement of the heat of solu­
tion of oxygen in liquid sodium. This work involves measuring, as a function 
of temperature, the open-circuit reversible electromotive force of the cell 
Sn-Sn02/Th02-Y203/o (dil. sol'n in Na) in which the reference electrode is 
Sn-SnOj and the working electrode consists of a dilute solution of oxygen 
(1-100 ppm) in sodium, maintained at constant composition. For solutions 
as dilute as those studied, solute-solute interactions are insignificant and 
the solute-solvent affinity is strong; hence the heat of solution may be ex­
pected to be independent of oxygen concentration. Moreover, with the 

reasonable assumptions that Henry's 
law is applicable and that the heat of 
solution is nearly independent of 
temperature , thermodynamic con­
siderations indicate that the cell emf 
should vary linearly with tempera ture . 
This linear relationship nnay be seen 
in Fig. I I - l , where the data collected 
at ANL and elsewhere a re presented. 
Also shown are curves for oxygen 
levels of 1, 10, and 100 ppm calcu­
lated with the aid of existing solubility 
information; these curves a re given 
so that the oxygen concentrations at 
which the emf measurements were 
made may be estimated. 

350 4 0 0 

TEMPERATURE. 'C 

Fig. II-l. Experimental and Calculated Emf-
versus-Temperature Data for the Cell: 
Sn-Sn02|Th02-Y203|0 (dil. sol'n in 
Na). ANL Neg. No. 308-2378. 

The e x p e r i m e n t a l da ta for 
each c u r v e w e r e fit, by the me thod 
of l e a s t s q u a r e s , to an equa t ion of 

the form E(mV) = a + bT . F r o m the a v e r a g e value of a (375 ± 2 mV) and 
the following equat ions for the f ree e n e r g y of f o r m a t i o n (in k c a l / m o l ) of 
Sn02 and Na20 

(500-1 000°K)AG5(SnO2) = - (140.0 ± 0.3) + (0.0511 ± 0.0003) T (1) 

(500-1000°K)AGJ(2Na2O) = (200.9 ± 3.0) + (0.068 ± 0.002) T (2) 

the pa r t i a l m o l a r heat of solut ion of oxygen in sod ium w a s d e t e r m i n e d to be 
13.2 ± 0.1 k c a l / m o l . This va lue m a y be c o m p a r e d wi th v a l u e s obta ined in 
other s tud ies : 13.1 ± 0.8 k c a l / m o l ( a v e r a g e of four v a l u e s ) b y S t av ropou los , ^ 
12.0 ± 0.2 k c a l / m o l ( ave rage of five v a l u e s ) by M i n u s h k i n , ' 11.2 k c a l / m o l 
f rom E i c h e l b e r g e r ' s so lubi l i ty equa t i on , ' and 12.8 ± 0.3 k c a l / m o l f r o m an 

V. J. Rutkauskas, LA-3879 (1968). 
^B. Minushkin, BNL-50207, p, 85 (1969), 
R, L. Eichelberger, AI-AEC-12685 (1968). 



a s s e s s m e n t * of the so lub i l i t y da t a of R u t k a u s k a s ^ and of Noden and B a g l e y . ' 
The a g r e e m e n t wi th the va lue d e r i v e d f r o m the l a t t e r so lub i l i t y r e s u l t s 
l e a d s to t he s u g g e s t i o n tha t even a t oxygen l e v e l s m u c h l a r g e r than t h o s e 
s tud ied h e r e (the so lub i l i t y of oxygen in sod ium, e .g . , i s - 3 0 0 0 p p m at 
550°C) s o l u t e - s o l u t e i n t e r a c t i o n s a r e neg l i g ib l e and d i lu te so lu t ion b e h a v i o r 
i s exh ib i t ed by s o d i u m - o x y g e n s o l u t i o n s . 

2 . C h a r a c t e r i z a t i o n of C a r b o n - and N i t r o g e n - B e a r i n g S p e c i e s 
in Sod ium 

a. C a r b o n C h e m i s t r y 

C a r b u r i z a t i o n and d e c a r b u r i z a t i o n of s t e e l s a r e c o r r o s i o n 
p h e n o m e n a known to o c c u r in s o d i u m s y s t e m s . D i s o d i u m a c e t y l i d e , Na2C2, 
h a s been p o s t u l a t e d ° to be the s p e c i e s r e s p o n s i b l e for c a r b o n t r a n s p o r t in 
l iquid s o d i u m - s t e e l s y s t e m s . To aid in eva lua t ing th i s p o s t u l a t e , i n f o r m a ­
t ion on the the rnna l s t ab i l i t y of Na2C2 in s o d i u m w a s n e e d e d . E x p e r i m e n t s 
wh ich w e r e m a d e to co l l ec t the r e q u i r e d da t a a r e d e s c r i b e d l a t e r . 

The d e c o m p o s i t i o n of p u r e Na2C2 (no s o d i u m added ) g ive s 
r i s e to g a s e o u s s o d i u m and sol id c a r b o n ; a c c o r d i n g to the p h a s e r u l e , the 
s y s t e m i s t hus m o n o v a r i a n t , and the ex ten t of d e c o m p o s i t i o n (as m e a s u r e d 
by the p r e s s u r e of s o d i u m in the s y s t e m ) is a function of t e m p e r a t u r e . 
H o w e v e r , the s y s t e m b e c o m e s i n v a r i a n t in the p r e s e n c e of l iqu id s o d i u m , 
and it can be in e q u i l i b r i u m only a t one d i s c r e t e t e m p e r a t u r e . L iqu id s o ­
d i u m nnay b e c o m e p a r t of the s y s t e m in two w a y s : by p u r p o s e f u l add i t i on 
(as w a s done in t h i s s tudy) or by d e c o m p o s i t i o n of " p u r e " Na2C2 unt i l the 
p r e s s u r e of s o d i u m in the s y s t e m equa l s the vap o r p r e s s u r e of p u r e s o d i u m 
and s o d i u m c o n d e n s e s . The i n v a r i a n t t e m p e r a t u r e i s the s a m e in e i t h e r 
c a s e . 

E x p e r i m e n t s to d e t e r m i n e the i n v a r i a n t t e m p e r a t u r e h a v e 
b e e n of two k i n d s : X - r a y and c h e m i c a l . The X - r a y e x p e r i m e n t s , d e s c r i b e d 
in the p r e c e d i n g r e p o r t (ANL-7650 , pp . 15 -16) , showed tha t (a) p u r e Na2C2 
u n d e r g o e s a t e t r a g o n a l - t o - c u b i c p h a s e change when h e a t e d to 275°C, and 
(b) the cubic s t r u c t u r e p e r s i s t s to a t l e a s t 500°C. Thus., an i n v a r i a n t t e m ­
p e r a t u r e above 500°C w a s i n d i c a t e d . 

The c h e m i c a l e x p e r i m e n t s involved h e a t i n g c o p p e r o r 
g r a p h i t e - l i n e d c o p p e r c a p s u l e s con ta in ing 2 g of s o d i u m and 0.1 to 0.2 g of 
Na2C2 to t e m p e r a t u r e s in the r a n g e 550-700°C. then cool ing t h e m and ana lyz ing 

T. F. Kassner, D. L. Smith, "Calculations on the Kinetics of Oxygen Solution in Tantalum and Niobium in a 
Liquid-Sodium Environment," ANL-7335 (Septetrber 1967). The uncertainty limits for the heat of solution 
(±0.3 kcal/mol) were not reported by Kassner and Smith; they were determined as part of the present study. 

^J. D. Noden, K. A. Bagley, UKAEA report TN-80 (1958). 
'" 'c. Luner, H. M. Feder, F. A. Cafasso, in Proceedings of the International Conference on Sodium Technology 

and Large Fast Reactor Design, Argonne, Nov. 7-9, 1968, ANL-7520, Part I, p. 455 (1969). 
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the contents for acetylide. To avoid contamination from air , the capsules 
were loaded and welded shut in a helium-filled glovebox and heated in 
helium-filled furnaces; they were then returned to the glovebox, cut open, 
and placed in a vacuum system for chemical analysis . The resul ts showed 
that Na C2 is undecomposed in sodium that has been heated to 550°C for 
two weeks. At 600°C, 25% of the Na2C2 is decomposed after one week. 
At higher temperatures, the decomposition is faster: after two weeks at 
650°C or one day at 700°C, essentially no acetylide is left. It appears , 
therefore, that the invariant temperature for the Na2C2-Na system lies in 
the range 550-600°C. 

b. Nitrogen Chemistry 

The study of the chemistry of nitrogen in liquid sodium has 
two principal objectives. The first is to provide information on the exist­
ence, identification, and chemical behavior of nitrogenous species in sodium 
so that analytical methods can be developed for these species . The second 
is to elucidate the roles that these species play in t ransport ing, through 
sodium, the nitrogen that nitrides reactor components. 

To begin the program, a study of the interaction of nitrogen 
and calcium in sodium was undertaken. This approach was taken after a 
literature search showed that (a) nitridation of stainless steel in the p r e s ­
ence of molten sodium is a genuine phenomenon and (b) the function of 
calcium as a nitrogen ca r r ie r in sodium is a common conjecture. An analo­
gous carr ier role could also be postulated for magnesium, since both alkaline 
earths are present in reactor sodium, and the known chemis t r ies of their 
nitrides are similar. Ultimately, the p rogram will also include studies to 
elucidate the roles of other selected nitrogenous species such as amide, 
nitrite, cyanide, cyanamide, and cyanate. 

The experimental procedure for the ni trogen-calcium 
studies was, briefly, as follows. A solution of 1 at. % calcium in sodium, 
contained in a Type 304 stainless steel reaction vessel , was agitated under 
a constant pressure of 720 Tor r of nitrogen gas. Gas absorption was fol­
lowed gasometrically to deternaine the stoichiometry of the reaction. After 
the absorption curve was sufficiently defined (about one week), a filtered 
sample of the liquid sodium phase was withdrawn for determination of its 
calcium and Kjeldahl-nitrogen content. Several Type 304 stainless steel 
tabs that had been included in the original sample loading and that had been 
submerged under the sodium throughout the experiment were analyzed for 
nitrogen, and other constituents as desired. 

The system for measuring nitrogen absorption consisted of 
a cylindrical reaction vessel and furnace well contained in a rocking furnace 
which, in turn, was connected to a constant-pressure gasometric manifold 
by means of flexible stainless steel tubing. The furnace assembly rocked 



through a vertical position so that sodium in the cylindrical reaction vessel 
flowed a short distance up and down the vessel walls and tabs in the sodium 
always remained submerged. In each experiment, a new reaction vessel 
was used, so that there was no question of nitride carry-over from one ex­
periment to another. 
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The following experiments have been conducted: (1) two 
experiments with 0.01 mol calcium in 0.99 mol sodium at 590°C; (2) one 
"dry" experiment (no sodium or calcium) at 590°C; (3) one blank experi­

ment with 1.00 nnol sodium (no calcium 
added); and (4) one experiment with 
0.01 mol calcium in 0.99 mol sodium 
at 390°C. The results of the gaso­
metr ic experiments are shown in 
Fig. II-2, where nitrogen uptake is 
plotted as a function of t ime. The 
two experiments with calcium-sodium 
at 590°C agreed within experimental 
e r ro r and are shown by one averaged 
curve. 

100 120 140 160 180 200 220 
TIME.hr 

Fig. II-2. Nitrogen Absorption Curves at 390 
and 590°C and 720 Torr. ANL Neg. 
No. 308-2379. 

The " d r y " e x p e r i m e n t w a s 
des igned to m e a s u r e the n i t r o g e n u p ­
take r e s u l t i n g f rom n i t r i d a t i o n , in 
the a b s e n c e of sod ium and c a l c i u m , 
of Type 304 s t a i n l e s s s t e e l (the m a ­
t e r i a l of c o n s t r u c t i o n for the r e a c t i o n 

v e s s e l and fu rnace wel l ) . The finding that no n i t r o g e n was a b s o r b e d ind i ­
c a t e s that the s t e e l , the only p o s s i b l e n i t r o g e n a b s o r b e r , w a s not n i t r i d e d . 
H o w e v e r , in e x p e r i m e n t s which w e r e c a r r i e d out in the p r e s e n c e of s o d i u m 
o r s o d i u m - c a l c i u m so lu t ions , s ignif icant n i t r o g e n a b s o r p t i o n w a s o b s e r v e d . 
F o r t h e s e e x p e r i m e n t s , the in i t ia l r i s e in the c u r v e s is i n t e r p r e t e d a s r e ­
f lec t ing the r e a c t i o n be tween n i t r o g e n and d i s s o l v e d r e a c t i v e c o n s t i t u e n t s 
(of which c a l c i u m is the m a j o r one) in the sod ium, and the l i n e a r p o r t i o n s , 
in the 590°C e x p e r i m e n t s , a s r e f l ec t ing the a b s o r p t i o n of n i t r o g e n by the 
s t e e l . The h o r i z o n t a l p o r t i o n of the c u r v e for the e x p e r i m e n t wi th s o d i u m -
c a l c i u m at 390°C i s a f e a t u r e a l s o exhibi ted by the c u r v e for the " d r y " 
e x p e r i m e n t . S ince the d r y e x p e r i m e n t at the h ighe r t e m p e r a t u r e of 590°C 
showed tha t no n i t r i d a t i o n of s t ee l o c c u r r e d , it i s r e a s o n a b l e to expec t t ha t 
at the l o w e r t e m p e r a t u r e of 390°C, the h o r i z o n t a l p o r t i o n of the c u r v e a l s o 
r e f l e c t s a p e r i o d of no n i t r i d a t i o n of s t e e l . 

The i n t e r p r e t a t i o n , offered above , of an in i t i a l l y r ap id 
i n t e r a c t i o n be tween c a l c i u m in solut ion in sod ium and n i t r o g e n i s a n a l o g o u s 
to tha t s u g g e s t e d by Addison and D a v i e s " for l i t h i u m - s o d i u m so lu t ions and 

l i e . C. Addison. B. M. Davies, J. Chem. Soc. (A), 1827 (1969 
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en at 400°C. In th i s connec t ion , it i s a l s o n o t e w o r t h y tha t the c a l c i u m 
does not r e m a i n in solut ion in s o d i u m . A n a l y s i s of f i l t e r e d s a m p l e s of t he 
solut ions taken at the end of t he e x p e r i m e n t s showed l e s s than 10 p p m c a l ­
c ium Also, a s t a i n l e s s s t ee l t ab tha t had b e e n s u b m e r g e d in the so lu t i on 
did not r evea l any s igni f icant c a l c i u m u p t a k e . T h e s e f ac t s a r e c o n s i s t e n t 
with the i n t e r p r e t a t i o n offered above and wi th the h> 'pothesis of r e l a t i v e l y 
rapid format ion , in sod ium, of an i n s o l u b l e c a l c i u m - n i t r o g e n c o m p o u n d . 

Ana lyse s of s u b m e r g e d t a b s showed tha t n i t r i d a t i o n of 
Type 304 s t a i n l e s s s t ee l i s inh ib i ted , not enhanced , when c a l c i u m is added 
to the sodium. Tab a n a l y s e s showed 330 and 1800 p p m n i t r o g e n for 1 at . % 
ca lc ium and no added c a l c i u m , r e s p e c t i v e l y , and 370 p p m n i t r o g e n for u n ­
t r e a t e d t a b s . These ana ly t i ca l f indings p a r a l l e l the v i s u a l a p p e a r a n c e and 
weight changes of the t a b s . T a b s r e m o v e d a f te r the c o m p l e t i o n of c a l c i u m -
enr iched e x p e r i m e n t s e m e r g e d wi th t h e i r o r i g i n a l , sh iny a p p e a r a n c e and 
with no change in weight . On the o t h e r hand, t a b s f r o m the n o m i n a l l y p u r e 
sodium runs e m e r g e d with a dull g r e y a p p e a r a n c e and showed i n c r e a s e s in 
weight. The weight i n c r e a s e s w e r e 1 to 2 m g (in 0 . 9 - g t a b s ) and t h e s e a g r e e d 
well with the ana ly t i ca l r e s u l t s for n i t r o g e n con ten t . One p o s s i b l e e x p l a n a ­
tion for the inhibi t ing effect of c a l c i u m on n i t r i d a t i o n is t ha t the c a l c i u m 
r e m o v e s n i t rogen c a r r i e r s f r o m the s o d i u m . T h e s e c a r r i e r s a r e p r e s u m a b l y 
impur i t i e s that have not yet been ident i f ied . 

The amount of n i t r o g e n tha t i s a s c r i b e d to i n t e r a c t i o n s wi th 
ca lc ium and i m p u r i t i e s in the e x p e r i m e n t s wi th 1 a t . % c a l c i u m at 590°C 
is 3.37 x 1 0 " ' m o l . The d i f f e rence be tween t h i s a m o u n t of n i t r o g e n and the 
cor responding quant i ty (5.6 x 10"* m o l ) f r o m the e x p e r i m e n t wi th 1 m o l of 
nominal ly p u r e sodiunn g ives the a m o u n t of n i t r o g e n i n t e r a c t i n g wi th c a l c i u m 
and an apparen t ove ra l l Ca-N s t o i c h i o m e t r y of Cai.ygN. 

The conc lus ion that e m e r g e s f r o m t h e s e e x p e r i m e n t s i s 
that ca lc ium does not enhance n i t r i d a t i o n , but , in fact , i n h i b i t s i t . T h i s 
finding tends to refute the c o n j e c t u r e c i ted in the l i t e r a t u r e t h a t c a l c i u m , 
in sodium, functions as a n i t r o g e n c a r r i e r in t he n i t r i d a t i o n p r o c e s s . 

3. Solubili ty of Xenon in L iqu id S o d i u m 

The solubi l i ty of noble g a s e s in l iquid s o d i u m is of c o n s i d e r a b l e 
i n t e r e s t because of the u s e of s o d i u m a s a coo lan t in n u c l e a r r e a c t o r s . 
Helivim and a rgon a r e g e n e r a l l y u s e d a s r e a c t o r c o v e r g a s e s , and k r y p t o n 
and xenon a r e f i ss ion p roduc t g a s e s wh ich a r e r e l e a s e d to s o d i u m t h r o u g h 
fuel-pin cladding f a i l u r e s . The s o l u b i l i t i e s of h e l i u m , ' ^ a r g o n , ' ' and krypton' '* 
in liquid sodium have been m e a s u r e d p r e v i o u s l y . The s tudy of the so lub i l i t y 

1%. Veleckis, G. Redding, "SolubiUty of Helium in Liquid Sodium," in ANL-7675, p. 64 (1969). 
E. Veleckis, R. Blomquist, R. Yonco, M. Perin. "SolubOity of Argon in Liquid Sodium," in ANL-7325. 
p. 123 (1967). 

1*S. K. Dhar, "SolubiUty of Krypton in Liquid Sodium," in ANL-6900. p. 125 a96*). 



of xenon w a s u n d e r t a k e n to p r o v i d e d a t a for eva lua t ing s c h e m e s , c u r r e n t l y 
u n d e r d e v e l o p m e n t at A r g o n n e , for d e t e c t i n g and loca t ing f u e l - c l a d d i n g 
f a i l u r e s in L M F B R s y s t e m s . 

The m e t h o d u s e d for the xenon so lub i l i ty m e a s u r e m e n t s is due 
to G r i m e s et a l . ^ T h i s nnethod i n c o r p o r a t e s s e v e r a l i m p o r t a n t f e a t u r e s 
for d e t e r m i n i n g v e r y low so lub i l i t i e s of g a s e s in l iqu ids at e l e v a t e d t e m ­
p e r a t u r e s . Our adap ta t ion of the me thod invo lves (a) s a t u r a t i n g l iquid 
s o d i u m with n a t u r a l xenon at a p r e s e l e c t e d t e m p e r a t u r e and p r e s s u r e , 
(b) t r a n s f e r r i n g a known po r t i on of the s a t u r a t e d s o d i u m to a n o t h e r con­
t a i n e r w h e r e the d i s s o l v e d gas is s t r i p p e d f rom sod ium by s p a r g i n g wi th 
h e l i u m , (c) s e p a r a t i n g the s t r i p p i n g gas f rom the gas m i x t u r e by s e l e c t i v e 
a b s o r p t i o n , and f inal ly, (d) ana lyz ing the r e m a i n i n g gas by gas c h r o m a ­
t o g r a p h y to d e t e r m i n e the xenon o r i g i n a l l y d i s s o l v e d in s o d i u m . 

Solubi l i ty d e t e r m i n a t i o n s w e r e c a r r i e d out as a function of both 
p r e s s u r e and t e m p e r a t u r e . The p r e s s u r e - d e p e n d e n c e e x p e r i m e n t s w e r e 

c a r r i e d out at a p p r o x i m a t e l y 500°C 
and at xenon p r e s s u r e s r a n g i n g 
f rom 2 to 8 a t m . The p u r p o s e of 
those e x p e r i m e n t s was to e s t a b l i s h 
w h e t h e r H e n r y ' s law is obeyed by 
so lu t ions of xenon in s o d i u m . The 
r e s u l t s a r e shown in F i g . I I - 3 w h e r e 
the m o l e f rac t ion so lub i l i t y of xenon , 
"Xe ( c o r r e c t e d to exac t l y 500°C), 
is p lo t ted a g a i n s t the xenon p r e s ­
s u r e , P . The e x p e r i m e n t a l da t a 
wene fitted to a l i n e a r , t w o - c o n s t a n t 
equat ion and yie lded a l e a s t - s q u a r e s 
s lope (the H e n r y ' s law c o n s t a n t ) of 
K H = 2.8 X 1 0 " ' a t m " ' . On the b a s i s 
of s t a t i s t i c a l F - t e s t s m a d e on the 
va lue of the i n t e r c e p t and the l i n e ­
a r i t y of the l i ne , the d i s p l a c e m e n t 
of the l ine f rom the o r i g i n was found 
to be ins ign i f i can t ; h e n c e , the da t a 

can be r e p r e s e n t e d by H e n r y ' s law, x-y^^ = ^H-^- T h i s can a l s o be s e e n in 
F i g . 11-3 by the pos i t i on of the 95% conf idence l i m i t s for the p r e d i c t e d m e a n 
v a l u e s of x v . " A so lub i l i ty r e l a t i o n s h i p of the f o r m x^^ = K P " , which 
i nc ludes H e n r y ' s law and S i e v e r t s ' law a s spec i a l c a s e s , was a l s o t e s t e d . 
A l i n e a r l e a s t - s q u a r e s a n a l y s i s of log Xy-^ v s . log P y ie lded a s lope of 
n = 0.9 ± 0 . 3 , wh ich is a fu r the r ind ica t ion of the a d e q u a c y of a H e n r y ' s 
law r e p r e s e n t a t i o n of the so lub i l i ty d a t a . 

1 1 1 1 1 
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Fig. II-3. Pressure Dependence of tlic Solubility of 
Xenon in .Sodium at ,iO0°C. ANL Neg, 
No. 308-2380. 

15 'W, R. C Irimes, N. W, Smith, C, M, Watson, J. Phys. Chem, 62. 862 (1958), 
l^These limits can be interpreted as follows. If repeated determinations of Xĵ ^ are made at the same value 

of P, the probability that the average value of Xj((. will fall between these limits is 0,95, See, e.g., 
N. R. Draper and H. Smith, Applied Regression Analysis, p, 23, John Wiley & Sons (1966). 
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TEMPERATURE, °C 

500 450 100 

T h e t e m p e r a t u r e - d e p e n d e n c e e x p e r i m e n t s w e r e c a r r i e d o u t b e ­

t w e e n 350 a n d 6 0 0 ° C . T h e s o l u b i l i t i e s a r e e x p r e s s e d in t e r m s of t h e O s t w a l d 

c o e f f i c i e n t , X, w h i c h i s t h e v o l u m e of g a s p e r u n i t v o l u m e of s o d i u m , b o t h 

t h e s o l u t e a n d s o l v e n t b e i n g a t t h e 

t e m p e r a t u r e a n d p r e s s u r e of t h e 

e x p e r i m e n t . T h e O s t w a l d c o e f f i c i e n t 

i s r e l a t e d t o t h e H e n r y ' s l a w c o n ­

s t a n t b y t h e e q u a t i o n 

^ = ( R T d j ^ a A ° ' M X e ) K H 

w h e r e R i s t h e g a s c o n s t a n t , T i s 

t h e a b s o l u t e t e m p e r a t u r e , dj>j^ i s 

t h e d e n s i t y of l i q u i d s o d i u m , " M x e 

i s t h e a t o m i c w e i g h t of . x e n o n , a n d 

Kf^ i s in p p b p e r a t m . T h e r e s u l t s 

of t h e s e m e a s u r e m e n t s a r e s h o w n 

i n F i g . I I - 4 a s a p l o t of l o g X v s . 

I / T . T h e r e g r e s s i o n l i n e c a n b e 

r e p r e s e n t e d b y 

( 3 5 0 - 6 0 0 ° C ) l o g X = 0 . 6 6 3 - 4 5 0 0 T " ' 

A n e r r o r a n a l y s i s s h o w e d t h a t a t t h e 

9 5 % c o n f i d e n c e l i m i t s t h e d e v i a t i o n 

of t h e m e a n v a l u e of l o g X i s ± 0 . 0 1 9 

a n d t h e c o r r e s p o n d i n g e r r o r in X, 

± 4 . 4 % . T h e h e a t of s o l u t i o n of x e n o n 

in l i q u i d s o d i u m , c a l c u l a t e d f r o m t h e 

s l o p e of t h e l i n e i n F i g . I I - 4 , i s 

2 0 . 6 ± 0 . 7 k c a l / m o l . ' ^ 

T h e i n f o r m a t i o n a v a i l a b l e 

o n t h e s o l u b i l i t y of n o b l e g a s e s i n 

l i q u i d a l k a l i m e t a l s h a s r e c e n t l y b e e n r e v i e ^ v e d . T h e o n l y o t h e r e x p e r i ­

m e n t a l s t u d y on t h e s o l u b i l i t y of x e n o n in l i q u i d s o d i u m a p p e a r s t o b e t h a t 

of M i t r a . H i s p r o c e d u r e , h o w e v e r , c o n t a i n e d e x p e r i m e n t a l i n c o n s i s t e n c i e s 

and y i e l d e d x e n o n s o l u b i l i t i e s 10^ h i g h e r t h a n t h o s e r e p o r t e d h e r e . X e n o n 

s o l u b i l i t i e s of t h a t m a g n i t u d e a r e i n c o n s i s t e n t w i t h e x p e c t a t i o n s a n d w i t h 

e x t r a p o l a t i o n s b a s e d on t h e a v a i l a b l e d a t a f o r o t h e r n o b l e g a s e s i n s o d i u m . 

Fig. 11-4. Temperature Dependence of the 
Solubility of Xenon in Sodium. 
ANL Neg. No. 308-2381. 

17 
J. P. Stone et al., NRL-6241, Naval Research Laboratory (Sept. 24, 1965): C. H. Golden, J. V. Tokar, 
ANL-7323 (August 1967), 
The heat of solution calculated from the slope of a plot of log \ vs. l /T corresponds to Hjjg(soln, T,P) -
^Xe'S'T.P"). where the standard state is defined to be that of 1 mole of ideal gas at temperature T in a 
volume equal to the molai volume of sodium, Vfg ,̂ 

1 E. L, Reed, J. J. Droher, LMEC-69-36, Liquid Metals Engineering Center (January 1970), 
C. Mitra, Eng. Sc. Dissertation, Columbia University (1959). 



A theoretical model that satisfactorily accounts for the measured solu­
bilities of noble gases in liquid sodium has been developed at ANL (see Sec­
tion V.A.l .c , this report) . As shown in Fig. V-3, xenon solubilities predicted 
by this model a re in good agreement with the measured solubilities. 

B. Analytical Standards P r o g r a m 

Significant advances have been made in recent years in the develop­
ment of analytical methods for impurities in sodium. Many of the impuri t ies 
of interest to sodium coolant technologists are now being determined by 
more than one nnethod. For example, the oxygen content of sodium is being 
determined in various laboratories by annalgamation, distillation, ref ractory-
wire, electrochemical , activation, and uranium-gettering techniques. How­
ever, little effort has been made to standardize the methods in current use , 
and the result has been that impurity-sensit ive (and often discrepant) experi­
mental data from different laboratories have proven to be difficult to in ter-
compare and interpret . If sodium technology is to advance rapidly, the 
r e sea rch and development efforts of all major sodiunn technology contractors 
nnust be put on a connmon, intercomparable, and reliable bas is . 

As a first step toward achieving this goal, ANL has been requested 
to establish and manage an Analytical Standards P rogram. The long- term 
objective of this p rogram is a set of specifications (RDT Standards) which 
stipulate (a) the maxinnum permiss ib le impurity levels in operating reactor 
and experimental sodium systems (including cover gases); (b) standard 
sampling and analytical methods for determining impurity levels in such 
systems; (c) innpurities that must be controlled to assure system integrity 
and to permi t interconnparison of experimental data; and (d) methods to 
control impuri t ies . The shor t - t e rm objectives of the program are (1) a set 
of interim purity specifications and (2) a set of interim sampling and ana­
lytical methods, selected from existing technology, that are uniformly 
applied throughout the sodiunn technology community. 

The shor t - t e rm objectives are being met through the establishment 
of an Analytical Standards Laboratory, whose function is the management of, 
as well as participation in, the interlaboratory aspects of the standards p ro ­
gram. Work related to nneeting the long-range objectives has been directed 
toward development of analytical methods for which a need exists . 

I . Analytical Standards Laboratory 

The initial effort of the Analytical Standards Laboratory was an 
assessment of the steps necessary to meet the shor t - t e rm goals of the p r o ­
gram. The following conclusions were reached: 

1) Sampling and analytical needs of the sodium technology 
community must be periodically assessed . 
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2) Sampling and analytical methods must be selected from 
existing technology to satisfy, as well as possible, the immediate analytical 
needs of the sodium technology community. Acceptable methods, their use , 
limitations, and range of applicability must be specified and updated when­
ever appropriate. 

3) Areas of sampling and analysis where additional develop­
ment work is required must be defined, and work in different laborator ies 
in these areas must be coordinated. Continuous surveillance of new develop­
ments must be maintained so that interim methods may be updated or r e ­
placed as appropriate. 

4) Uniform application of acceptable methods must be demon­
strated by sample interchange programs . 

5) Acceptable impurity limits for sodium and cover-gas 
systems must be defined and updated as warranted by new developments. 
Impurity-control methods also must be specified and periodically updated. 

Successful implementation of the standards program requires 
the close cooperation of all laboratories participating in the sodiunn tech­
nology effort. Accordingly, ANL organized two advisory working groups to 
assist in implementing this p rog ram- -a Reactor Standards Working Group 
and a National Standards Working Group. The two groups differed only in 
the' scope of their interests . After the Reactor Standards Working Group 
had attained its objective of satisfying the immediate sampling and analyti­
cal needs of the reactor community, it was merged with the National Stand­
ards Working Group. This group is presently concerned with satisfying the 
sampling and analytical needs of the national R &D programs , and eventually 
will be concerned with establishing the specifications for the monitoring and 
control of impurities in sodium and cover-gas systems on a national scale. 

With the assistance of these groups, ANL has (1) published a 
manual of procedures to be used for the analysis of sodiunn and cover-gas 
systems. (2) established interlaboratory exchange programs and schedules 
for the testing of sampling and analytical methods, (3) developed mecha­
nisms for preparing and distributing test samples, and (4) drafted a set of 
purity specifications for sodium systems. 

Besides the management activities in which ANL's Analytical 
Standards Laboratory is involved, laboratory work is also being done as 
part of the program. Analytical capability has been established for par t ic i ­
pating in the sample interchange programs, and laboratory work has begun 
on satisfying specific FFTF needs. The lat ter work involves (1) determining 
whether or not displacement of samplers a distance of -100 ft from the point 
of interest (as may be done in FFTF) can lead to e r r o r s in analysis of so­
dium for oxygen and/or carbon and (2) designing and testing a prototype 
overflow sampler for F F T F . 



2. A n a l y t i c a l D e v e l o p m e n t 

As no ted above , the p r o g r a m r e q u i r e s r e s e a r c h a c t i v i t i e s so 
tha t it m a y m e e t i t s u l t i m a t e ob j ec t i ve . None of the m e t h o d s p r e s e n t l y 
spec i f i ed for u s e a r e t r u e s t a n d a r d m e t h o d s . F o r m o s t of t he i m p u r i t i e s 
found in s o d i u m , r e l i a b l e , a c c u r a t e s t a n d a r d m e t h o d s m u s t s t i l l be d e ­
v e l o p e d . C o n s e q u e n t l y , ANL h a s u n d e r t a k e n t h e i r d e v e l o p m e n t wi th in i t s 
own r e s e a r c h p r o g r a m and p l a n s to u t i l i z e o the r l a b o r a t o r i e s in the n a t i o n a l 
p r o g r a m in t h i s e n d e a v o r . 

A N L ' s r e c e n t d e v e l o p m e n t a l effort h a s been d i r e c t e d t o w a r d the 
i n v e s t i g a t i o n of the fol lowing m e t h o d s ; (1) h i g h - t e m p e r a t u r e gas c h r o m a ­
t o g r a p h y a s a m e a n s of s e p a r a t i n g r a d i o a c t i v e s p e c i e s in r e a c t o r c o v e r g a s 
p r i o r to r a d i o a c t i v i t y a s s a y s , (2) e m i s s i o n s p e c t r o g r a p h i c a n a l y s i s of a 
s o d i u m a e r o s o l , g e n e r a t e d u l t r a s o n i c a l l y and exc i t ed by an i n d u c t i o n - c o u p l e d 
p l a s m a , a s a m e a n s of d e t e r m i n i n g t r a c e m e t a l s in s o d i u m , and (3) p r o t o n 
a c t i v a t i o n a s a b a s i s for a r e f e r e n c e nnethod for d e t e r m i n i n g to t a l oxygen , 
c a r b o n , and n i t r o g e n in s o d i u m . The f i r s t two i n v e s t i g a t i o n s a r e in p r e ­
l i m i n a r y s t a g e s of eva lua t ion ; the t h i r d is d e s c r i b e d be low. 

R e f e r e n c e Method for To ta l Oxygen, C a r b o n , and N i t r o g e n in 
S o d i u m . R e f e r e n c e m e t h o d s a r e n e e d e d for the d e t e r m i n a t i o n of oxygen , 
c a r b o n , and n i t r o g e n in s o d i u m to e s t a b l i s h the a c c u r a c y of o t h e r a n a l y t i c a l 
m e t h o d s . The r e f e r e n c e m e t h o d s m u s t be spec i f i c , a c c u r a t e (±10%), c a p a b l e 
of d e t e r m i n i n g c o n c e n t r a t i o n s of 0.1 p p m in s o d i u m , and m u s t p r o v i d e s a m ­
p l e s f r e e f r o m c o n t a m i n a t i o n and s e g r e g a t i o n . 

A c t i v a t i o n wi th c h a r g e d p a r t i c l e s h a s b e c o m e an i m p o r t a n t tool 
for the spec i f i c and a c c u r a t e a s s a y of oxygen, c a r b o n , and n i t r o g e n in the 
s u b - p a r t s - p e r - m i l l i o n r a n g e . L o w - e n e r g y p r o t o n s a r e of p a r t i c u l a r i n ­
t e r e s t for our a p p l i c a t i o n b e c a u s e they do not a p p r e c i a b l y a c t i v a t e s o d i u m ; 
t h u s , the n e e d for s e p a r a t i o n c h e m i s t r y is e l i m i n a t e d and the p o s s i b i l i t y of 
e r r o r s f r o m c o n t a m i n a t i o n and s e g r e g a t i o n is r e d u c e d . E m p h a s i s w a s , 
t h e r e f o r e , p l a c e d on the d e v e l o p m e n t of the p r o t o n - a c t i v a t i o n m e t h o d . 

The concep t of d e t e r m i n i n g oxygen, c a r b o n , and n i t r o g e n in s o ­
d i u m by p r o t o n a c t i v a t i o n is b a s e d on the fol lowing r e a c t i o n s ; " 0 ( p , n ) ' ^ F , 
'^C(p,n) '^N and ' •*N(p,a)"C. P r e l i m i n a r y i n v e s t i g a t i o n s of the f e a s i b i l i t y of 
t h i s m e t h o d w e r e p e r f o r m e d by b o m b a r d i n g n i c k e l - f o i l - c o v e r e d N a F p e l l e t s 
sp iked wi th known a m o u n t s of AI2O3, C, and AIN. The r e s u l t s of t h e s e p r e ­
l i m i n a r y e x p e r i m e n t s gave the following p r o j e c t e d s e n s i t i v i t i e s (in ppb) : 
O, 50 ± 25 ; C, 20 ± 1 0 ; and N, 2 ± 1. P r e c i s i o n w a s d e t e r m i n e d only for 
the " 0 ( p , n ) " F r e a c t i o n . T h e spec i f i c " 0 ( p , n ) " F p r o d u c t i o n w a s c o n s t a n t 
to wi th in 2%. 

^Iproceedings of the 2nd Conference on Practical Aspects of Activation Analysis with Charged Particles, 
Liege, Belgium (EUR-3896 d-f-e), H. G. Ebert, ed. (1968). 
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Two potential interfering reactions were observed. They were 
"•0(0 a)"N and "B(p.n)"C. As noted above, the carbon determination is 
based on the assay of '^N and the nitrogen determination on the assay of 
"C . An experimental evaluation of the problems showed that the interfer­
ence from ""O will be serious only when the oxygen level is at least tenfold 
greater than the carbon level and that a correct ion for interference of " B 
can be made if the boron concentration does not exceed that of the nitrogen. 

Deuterons and neutrons, if present in the proton beam, would 
„lso lead to interferences via the ^^Na(d,p)"Na and ^^Na(n,7)^^Na react ions. 
(Deuterons as D'*' are accelerated with the H2"'" of the proton beam; neutrons 
arise from reactions of the beam with the beam tube and the coll imators.) 
Deuterons were eliminated from the beam by employing a s t r ipper foil (to 
change Hj"*" to H"*") and a magnet (to separate H"*" from D"*"). Neutron pro­
duction was minimized by focusing the proton beam through the center of 
the tube. 

Having shown that adequate sensitivity could be achieved and 
that interferences from induced activities could be either circumvented or 
adequately controlled, a sampling/irradiation cell was designed. The cell 
permits irradiation of molten and wel l - s t i r red sodium and, thereby, cir­
cumvents the two major problems of proton activation, viz., surface activa­
tion rather than volume activation (due to the short range of the protons) 
and vaporization of sodium (caused by the heat generated in stopping the 
energetic proton beam). The cell consists basically of a nickel flow-through 
sampler It is equipped with (1) noncontaminating valves that can be closed 
to isolate ~20 cm^ of sodium and (2) a 6-mil nickel window that is coated on 
its inside surface with a thin (0.28 mg/cm^) vapor-deposited layer of cobalt. 
(This coating, which is not activated by protons, was applied to prevent 
activities generated in the nickel from recoiling into the sodium) 

The experimental procedure involves the following steps: 
(1) bypass sampling of a sodium system by means of the sampl ing/ 
irradiation cell, (2) proton activation of the molten and wel l - s t i r red so­
dium in the same cell, (3) transfer of the sodium to a counting cell, and 
(4) assay of the induced activities. 

Initial experiments with molten sodium were directed toward 
testing of the cell and evaluating the problems involved in the determination 
of oxygen in sodium. Accordingly, two samples obtained from a sodium loop 
were bombarded with protons. Findings from these experiments indicated 
that (1) determination of oxygen in sodium by proton activation of molten, 
well-stirred sodium is feasible, (2) the cell functioned satisfactorily, 
3 a detection limit of 1 ppm oxygen is possible with this cell design, and 

(4) the mduced activities other than " F were ^*Na, ^^Mn and several copper 
isotopes. 
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The copper activities a re believed to have been induced in the 
nickel window and to have recoiled into sodium via a breach in the thin cobalt 
layer that had been vapor-deposited on the window. The ^'Mn is believed to 
have been induced in the cobalt layer via the reaction ^'Co(n,a)'^Mn. 

The production of the manganese and copper activities can be 
eliminated by the use of a window made from ^^Ni. A cell has been de­
signed that incorporates such a window and also holds smaller samples . 
The smaller sample size (10 g rather than 70 g) should allow the detection 
limit to be lowered to 0.1 ppm of oxygen. 

The work performed to date indicates that the proton-activation 
method for determining very low levels of oxygen, as required by the refer­
ence method, shows great promise . However, further development of this 
analytical method has been deferred because of budgetary l imitat ions. 

C. Engineering Development 

1. Monitoring of Sodium Puri ty 

a. National Meter P rog ram 

Argonne National Laboratory (ANL) has been given the 
responsibili ty of administering a National Meter P rog ram involving the 
major sodium technology contractors in the United States. This p rogram 
for development and application of sodium-purity monitoring stations is 
designed to (1) charac ter ize the perfornnance capabilities of present m e t e r s , 
(2) standardize the design and operational procedures and establish com­
merc ia l availability for these characterized nneters, (3) deternnine the 
requirements for me te r s on a continuing basis , as LMFBRs are advanced 
to a commercial status, and (4) upgrade performance or develop new m e t e r s , 
as required, to meet long-range performance goals. 

Sodium technology contractors will part icipate in a co­
ordinated test plan to determine the capabilities of existing impurity m e t e r s 
that have been developed for continuous monitoring of LMFBR sodium. Com­
pletion of this plan will resul t in the needed characterizat ion of the m e t e r s 
in the shortes t possible t ime by taking advantage of existing facil i t ies. 
Impurity monitors in this p rogram include oxygen, hydrogen, and carbon 
me te r s , and s team-genera tor leak detectors . 

At present , the foremost goal of the p rogram is to meet the 
needs of the Fas t Flux Test Facil i ty (FFTF) for commercial ly available 
oxygen and carbon m e t e r s by July 1, 1971. An additional goal is to have 
commercia l hydrogen me te r s available by that date, or shortly thereaf ter , 
although this has not been listed as an F F T F requirement . 
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In addition to the m e t e r s themselves , prototype me te r 
modules are being designed for F F T F ; the modules include the individual 
meters and equipment for controlling sodium tempera ture and flow. 
A module is also being developed for equilibrating metal specimens with 
sodium to obtain measurements of the chemical activities of impuri t ies for 
calibration of the meters . Both the meter modules and the calibration mod­
ules will have general utility in LMFBR sys tems . Commercial suppliers 
will be sought for these modules, as well as for the me te r s themselves . 

b. Direct Measurement of the Activities of Impuri t ies 
in Sodium 

The objective of this work is the development of methods 
for calibrating impurity meters for carbon, oxygen, hydrogen, and, possibly, 
nitrogen, by independent chemical determinations of the impurity act ivi t ies . 
Application of such methods in on-line meter -ca l ibra t ion devices is sought. 
The type of method under development generally involves equilibration of 
thin wires of a suitable metal in sodium. The equilibrium concentration of 
the impurity being deternnined is a measure of its chemical activity in the 
sodium. These methods a re being developed in a cooperative p rogram be­
tween the Chemical Engineering and Mater ia ls Science Divisions. 

Laboratory development of a method for determining oxygen 
activity in sodium with vanadium wires is essentially complete. Measure ­
ments of the distribution coefficients for oxygen in the V-O-Na system for 
temperatures between 500 and 750°C, in 50-degree intervals , have been 
reported. Chemical activities of oxygen in sodium of up to 0.1 ppm at 500°C 
and up to 16 ppm at 750°C can be determined from measurements of the 
equilibrium concentration of oxygen in vanadium. The method will be used 
for calibration of electrochemical oxygen me te r s and for measurements of 
oxygen activities in operating sodium systems, including reactor sys tems. 

Vanadium is also being considered as a detector metal for 
measuring hydrogen activity in sodium, and some distribution coefficient 
data have been obtained. Vanadiunn, iron, and iron alloys a re being con­
sidered for carbon detectors. The wire-equil ibration method may also be 
applied to nitrogen activity measurements ; however, a suitable detector 
metal has not yet been found. 

A significant effort is also being mounted to establish r e ­
liable, routine analytical procedures for the determination of the oxygen, 
carbon, nitrogen, and hydrogen in the equilibrated metal specimens. 

The use of these methods for periodic on-line calibration 
of the various impurity meters requires that suitable equipment for speci­
men equilibration be designed and incorporated into a modularized package 
with the necessary devices for controlling sodium temperature and flow. 
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Fig. II-5. Module for Wire Equilibration and Carbon 
Meter. ANL Neg. No. 308-2382. 

The m o d u l e m u s t be d e s i g n e d for r ap id a c c e s s to the s p e c i m e n s a f t e r 
e q u i l i b r a t i o n . F o r r a d i o a c t i v e sodiunn s y s t e m s , t h i s can be m o s t e a s i l y 
acconnpl i shed by p r o v i d i n g for c o m p l e t e d r a i n a g e of the r a d i o a c t i v e sodiunn. 

The concep tua l d e s i g n of the m o d u l e 
is shown in F i g . I I - 5 . S ince the 
modu le h e a t s s o d i u m to t e m p e r a ­
t u r e s up to 750°C, it wi l l a l s o be 
used as the c a r b o n m e t e r m o d u l e 
( see Sect ion I l . C . l . d , be low) by 
r e p l a c i n g the w i r e h o l d e r wi th the 
c a r b o n - m e t e r m e m b r a n e sys tenn . 

c. Oxygen M e t e r 

The goal of t h i s w o r k i s 
the d e v e l o p m e n t and p r o o f t e s t i n g of 
an on - l i ne o x y g e n - m e t e r m o d u l e 
for m o n i t o r i n g oxygen ac t i v i t y in 
the p r i m a r y and s e c o n d a r y s o d i u m 

s y s t e m s of L M F B R s . E l e c t r o c h e m i c a l oxygen m e t e r s wil l be eva lua t ed and 
i m p r o v e d , w h e r e n e c e s s a r y , to p r o v i d e (1) r e l i a b l e and r e p r o d u c i b l e m e a s ­
u r e m e n t of t he oxygen ac t iv i ty in s o d i u m and (2) cont inuous o p e r a t i o n of t he 
m e t e r at t e m p e r a t u r e s up to ~900' 'F (~480°C). T e s t i n g and d e v e l o p m e n t of 
the m e t e r - m o d u l e c o m p o n e n t s wil l be c a r r i e d out at the I l l i no i s s i t e of A N L . 
C h a r a c t e r i z a t i o n of the m e t e r wil l be t h r o u g h the na t iona l p r o g r a m , wh ich 
wi l l involve m a j o r L M F B R s o d i u m technology c o n t r a c t o r s . P r o o f t e s t i n g of 
the nnodule wi l l be done on the R a d i o a c t i v e Sodium C h e m i s t r y L o o p (RSCL), 
wh ich is be ing i n s t a l l e d at E B R - I I on the p r i n n a r y s o d i u m s y s t e m . O p e r a t i n g 
e x p e r i e n c e ga ined a t E B R - I I and in the m e t e r - c h a r a c t e r i z a t i o n p r o g r a m 
wil l be usefu l in qual i fying o x y g e n - m e t e r nnodules for the F a s t F l u x T e s t 
F a c i l i t y ( F F T F ) and for g e n e r a l L M F B R u s e . 

A p r o g r a m being se t up be tween ANL, B r o o k h a v e n Na t iona l 
L a b o r a t o r y (BNL), WADCO C o r p . , and the Z i r c o n i u m C o m p a n y of A m e r i c a 
( Z i r c o a ) i s expec t ed to r e s u l t in the c o m m e r c i a l a v a i l a b i l i t y of oxygen 
m e t e r s by J u l y 1971 . The m e t e r u n d e r d e v e l o p m e n t will have a gas r e f e r ­
ence e l e c t r o d e and an i m p r o v e d t h o r i a - 7 . 5 wt % y t t r i a sol id e l e c t r o l y t e 
p r o d u c e d by an i s o s t a t i c p r e s s i n g p r o c e s s . The i m p r o v e d e l e c t r o l y t e t u b e s 
should be c o m n n e r c i a l l y a v a i l a b l e by e a r l y 1971, which wil l a l low a few 
m o n t h s for c h a r a c t e r i z a t i o n s tud i e s to be conducted by ANL and W e s t i n g h o u s e 
A d v a n c e d R e a c t o r Div i s ion (WARD) be fo re the m e t e r - c o m m e r c i a l i z a t i o n 
t a r g e t d a t e of J u l y 1971 . The e l e c t r o l y t e t ubes wil l be of the s i z e ( l / 4 - i n . d i a ) 
t ha t i s c u r r e n t l y u s e d in the W e s t i n g h o u s e v e r s i o n of the oxygen m e t e r . 

An oxygen m e t e r i s be ing i n s t a l l e d on an ex i s t i ng s a m p l i n g 
l ine at E B R - I I for a r ap id eva lua t ion of the effects of d i r e c t be t a and g a m m a 
r a d i a t i o n on the o p e r a t i o n of the oxygen m e t e r . T h e r e s u l t s of t h i s t e s t a r e 
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requ i red to uncover p o s s i b l e d e t r i m e n t a l ef fects of the r a d i a t i o n on ce l l ou t ­

put, s tabil i ty, and l ife. The t e s t i s s chedu led to begin in J a n u a r y 1 9 7 1 . 

A p r e l i m i n a r y layout of a p r o t o t y p e m o d u l e for F F T F con­

taining two oxygen m e t e r s and one h y d r o g e n m e t e r h a s been c o m p l e t e d ( s ee 

F i g . I I - 6 ) . The h y d r o g e n m e t e r , 

wh ich is be ing d e v e l o p e d a t ANL 

(see Sec t ion I I . C . I . e , be low) , h a s 

been inc luded in the m o d u l e wi th 

the oxygen m e t e r s s i n c e both types 

of m e t e r s o p e r a t e a t the s a m e con­

d i t i ons of s o d i u m flow and t e m ­

p e r a t u r e . As a r e s u l t , a c o n s i d e r a b l e 

s av ings can be m a d e by s h a r i n g a c ­

c e s s o r y e q u i p m e n t . C o m m e n t s on 

the p r e l i m i n a r y d e s i g n h a v e been 

r e c e i v e d f r o m E B R - I I and WADCO 

( F F T F ) and t h e s e a r e be ing con­

s i d e r e d in the d e t a i l e d d e s i g n . 

D e s i g n s of the hea t e x c h a n g e r and 

-OXVGEN METER 

Fig. II-6. Oxygen-Hydrogen Meter Module. 
ANLNeg. No. 308-2383. 

h y d r o g e n - m e t e r h o u s i n g a r e c o m p l e t e . O x y g e n m e t e r s f o r t h e m o d u l e s h a v e 

b e e n o r d e r e d f r o m W e s t i n g h o u s e . P r e l i m i n a r y l a y o u t s of t h e e l e c t r i c a l a n d 

i n s t r u m e n t a t i o n p a c k a g e s f o r t h e m o d u l e s h a v e b e e n m a d e a n d r e v i e w e d . 

A p r o t o t y p e m o d u l e w i l l b e p r e t e s t e d a t A N L - I l l i n o i s p r i o r 

t o p r o o f t e s t i n g a t E B R - I I . A d e t a i l e d s c h e d u l e a n d j o b - a s s i g n m e n t c h a r t 

h a s b e e n d e v e l o p e d f o r i n s t a l l a t i o n of t h e m o d u l e a t E B R - I I o n t h e R a d i o a c t i v e 

S o d i u m C h e m i s t r y L o o p ( R S C L ) , C e l l B . 

W o r k i s u n d e r w a y t o c h a r a c t e r i z e o x y g e n - m e t e r p e r f o r m ­

a n c e a t t e m p e r a t u r e s f r o m 700 t o 9 0 0 ° F ( 3 7 0 t o 4 8 0 ° C ) . A n a p p a r a t u s w h i c h 

w i l l b e a t t a c h e d to t h e T e s t a n d E v a l u a t i o n A p p a r a t u s ( T E A ) w i l l p r o v i d e 

for (1) c a l i b r a t i o n a n d t e s t i n g of t e n m e t e r s i n s t a l l e d i n s e r i e s , (2) t e s t s of 

t h e o x y g e n - h y d r o g e n m e t e r m o d u l e , a n d (3) t e s t s of t h e o n - l i n e c a l i b r a t i o n 

m o d u l e ( r e q u i r e d in c o n j u n c t i o n w i t h i t e m s 1 a n d 2 ) . 

A c o n c e p t u a l p l a n f o r t h i s a p p a r a t u s h a s b e e n d e v e l o p e d . 
A d e s i g n l a y o u t t o d e t e r m i n e s p a c e r e q u i r e m e n t s a n d t h e p r e l i m i n a r y d e ­
s i g n of a r e g e n e r a t i v e h e a t e x c h a n g e r , h e a t e r , a n d c o o l e r h a v e b e e n s t a r t e d . 

d. C a r b o n M e t e r 

T h i s w o r k i n v o l v e s t h e d e v e l o p m e n t a n d p r o o f t e s t i n g of a n 

o n - l i n e c a r b o n - m e t e r m o d u l e f o r m o n i t o r i n g c a r b o n a c t i v i t y in t h e p r i m a r y 

a n d s e c o n d a r y s o d i u m s y s t e m s of L M F B R s . T h e m e t e r h o u s i n g a n d e q u i p ­

m e n t f o r c o n t r o l of s o d i u m t e m p e r a t u r e a n d f l o w a r e of t h e s a m e d e s i g n a s 

t h o s e of t h e o n - l i n e c a l i b r a t i o n m o d u l e ( s e e S e c t i o n I I . C . l . b ) . C a r b o n -

d i f f u s i o n m e t e r s of t h e b e s t a v a i l a b l e d e s i g n w i l l b e e v a l u a t e d f o r t h e m e t e r 
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component of the module. Testing and development of the nnodule compo­
nents will be done at the Illinois site of ANL. The module will be prooftested 
on the Radioactive Sodium Chemistry Loop (RSCL) of EBR-II. Operating 
experience at EBR-II will be used to provide recommendations for carbon-
monitoring stations for F F T F and general LMFBR use . 

A carbon meter developed by the United Nuclear Corporation 
(UNC) is being given pr ime consideration as the on-line meter component 
of the carbon-monitoring station. This meter is based on measuring the 
rate of diffusion of carbon through an iron membrane at 1200 to 1400°F 
(650-760°C). The carbon reaching the reverse side of the membrane r e ­
acts with a flowing, nnoist, hydrogen-argon gas mixture to form CO. The 
CO is catalytically converted to CH4, and the CH4 concentration in the gas 
s t ream is continually measured by a flame-ionization detector. 

An understanding of the basic relationship of the carbon-
meter response to carbon from various sources is a necessary part of the 
mete r development. The UNC carbon-diffusion probe was immersed in 
sodium and its response to the addition of various mater ia ls and carbon 
species was tested. All-copper equipnnent (except for the probe) was used 
because copper is inert to carbon. 

flux through the iron membrane. 

Addition of t race announts (<1 ppm) of sodium cyanide 
(NaCN) or sodiunn acetylide (Na2C2) to sodium at 630°C increased the carbon 

In each instance, the carbon flux reached 
a maximum and then rennained constant 
for a number of hours. (Since the probe 
removes carbon, the carbon flux does 
eventually slowly decrease . ) Figure II-7 
shows the relationship obtained between 
carbon flux and the measured concen­
tration of NaCN in the sodium at 630°C. 
Initially, the carbon flux increased 
rapidly on the addition of 1 ppm or less 
carbon (as NaCN), but above 10-20 ppm C 
the flux did not change. The addition of 
t race quantities of Na2C2 also increased 
the carbon flux, the initial increase being 
about twice that for cyanide. At the tem­
pera ture of the experiment, acetylide 
decomposes rather slowly (see Sec­

tion II.A.2.a) so that the variation of carbon flux as a function of acetylide 
concentration could not be readily measured. The further addition of sodium 
acetylide led to the formation of particulate carbon without noticeable in­
c rease in the analyzed acetylide content of the sodium (see Fig, II-7). 
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Fig, II-7. Carbon-Meter Response to NaCN and 
Na2C2 in Stirred Sodium at 630°C. 
ANL Neg. No. 308-2384. 

The r e s p o n s e of the c a r b o n m e t e r was a l s o t e s t e d by in ­
s e r t i n g a rod (5 in. by l / 4 - i n . OD) of l o w - c a r b o n s t ee l (1020) into the 
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sodium at 630°C. A few minutes after the rod was inserted, the carbon flux 
increased. After the rod was removed, the carbon flux reached a maximum 
and remained constant for 12 hr. When a Type 304 stainless steel rod was 
inserted, the flux decreased. The UNC meter housing, in which the probe 
is located and the sodium is heated, is itself made of stainless steel and 
can act as a getter to remove carbon from the sodium. Consequently, an 
inert liner for the meter housing is considered a possible improvement. 

The effect of the water vapor content of the decarburizing 
gas on the carbon flux through the iron membrane was investigated. For 

these experiments 10% H2-90% Ar, 
instead of the usual 5% H2-95% Ar, 
was used as the decarburizing gas to 
ensure that the mixture, when com­
bined with varying amounts of water, 
would prevent the oxidation of the iron 
membrane at the tempera ture em­
ployed. Figure II-8 shows the resul ts 
obtained for experiments performed 
on a small pumped-sodium apparatus 
(Test and Evaluation Apparatus, TEA) 
using the UNC housing, a sodium tem­
perature of 370°C, and probe tennpera­
tures of 625 and 750°C. 

The data show about a five­
fold increase in the carbon flux for 
a change of 0.77 to 2.38% in the water 
vapor content of the decarburizing gas. 
These data also indicate that there is 
little effect of temperature on the 
carbon flux over the range 625 to 
750°C. Therefore, consideration is 
being given to decreasing the operating 
temperature of the meter below the 
recommended 750°C, which was based 

on static pot tests performed by the me te r ' s developer, UNC; the de­
crease may be to a temperature as low as 650°C. 

DECARBURIZING GAS ( I O % H - 9 0 % A r ) 

Fig, II-8, Effect of Water Vapot in the Decarbu­
rizing Gas on Carbon-Meter Response, 
ANL Neg. No. 308-2385, 

e. Hydrogen M e t e r 

The goals of th is p r o g r a m a r e the d e s i g n , d e v e l o p m e n t , and 
prooftest ing of an on-l ine hydrogen m e t e r for m e a s u r i n g the h y d r o g e n a c ­
tivity in p r i m a r y and seconda ry L M F B R s o d i u m s y s t e m s . A d i f fus ion - type 
m e t e r being developed at ANL is being eva lua t ed for the o n - l i n e h y d r o g e n 
m e t e r component of the oxygen-hydrogen m e t e r m o d u l e to be i n s t a l l e d at 
EBR-II , as d i s cus sed in I I . C . l . c . O p e r a t i n g e x p e r i e n c e at E B R - H wil l be 
used to provide r e c o m m e n d a t i o n s for h y d r o g e n m o n i t o r i n g for F F T F and 
genera l LMFBR u s e . 
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The h y d r o g e n - a c t i v i t y nneter be ing deve loped i s an e q u i l i b ­
r i u m d i f fus ion - type m o n i t o r with a d i r e c t p r e s s u r e r e a d o u t of the a c t i v i t y 
of h y d r o g e n in s o d i u m . T h i s d i r e c t r e a d o u t i s p o s s i b l e b e c a u s e the p a r t i a l 

p r e s s u r e of h y d r o g e n in e q u i l i b -
' r i u m with s o d i u m i s r e l a t e d by 

NICKEL PROBE 

I O N 
PUMP 

" ^ 
PRESSURE 
INDICATOR 

VACUUM PORT 

Fig. II-9. Hydrogen-Activity Meter. 
ANL Neg. No. 308-2422. 

S i e v e r t ' s law to the h y d r o g e n 
c o n c e n t r a t i o n in t he s o d i u m . T h e 
p r i n c i p a l c o m p o n e n t s of the m e t e r 
( s ee F i g . I I -9 ) a r e a h i g h - s u r f a c e -
a r e a n i cke l m e m b r a n e t h a t i s i m ­
m e r s e d in the s o d i u m , a p r e s s u r e -
m e a s u r i n g d e v i c e such as a hot 
c a t h o d e - t r i o d e ion gauge , and an 
i o n - p u m p v a c u u m s y s t e m for 
p e r i o d i c pumpdown. The n i c k e l 
m e m b r a n e o p e r a t e s a t t e m p e r a ­
t u r e s of 370 to 500' 'C. 

A p r o t o t y p e of the ANL 
h y d r o g e n - a c t i v i t y m e t e r h a s been f a b r i c a t e d and is being eva lua t ed in a 
newly c o n s t r u c t e d gas - f low t e s t a p p a r a t u s . The e q u i l i b r i u m h y d r o g e n 
p r e s s u r e s of s t a n d a r d h y d r o g e n - a r g o n gas m i x t u r e s , equ iva len t to h y d r o g e n 
c o n c e n t r a t i o n s in sodiunn of 0.5 to 4 p p m , w e r e m e a s u r e d wi th a V a r i a n 
M i l l i t o r r (hot c a t h o d e - t r i o d e ) ion iza t ion gauge . S a m p l e s of the flowing gas 
w e r e t a k e n at the in le t and out le t of the c h a m b e r con ta in ing the n i c k e l m e m ­
b r a n e ; s i m u l t a n e o u s l y , p r e s s u r e m e a s u r e m e n t s w e r e m a d e Avith the i o n i z a ­
t ion gauge . When the M i l l i t o r r gauge 
is c a l i b r a t e d for u s e with h y d r o g e n , 
e x c e l l e n t a g r e e m e n t is obta ined b e ­
tween the m e a s u r e d hyd rogen p r e s ­
s u r e s , and t h o s e d e t e r m i n e d f rom 
the r e s u l t s of g a s - c h r o m a t o g r a p h i c 
a n a l y s e s . T h e s e da t a a r e shown in 
F i g . I I - 1 0 . In o t h e r e x p e r i m e n t s , it 
was found tha t , a f ter a s t ep change 
in the h y d r o g e n l eve l , the t i m e r e ­
q u i r e d to r e a c h e q u i l i b r i u m was 
about 10 to 20 m i n . 

T h e s e r e s u l t s i nd i ­
ca t e tha t the e q u i l i b r i u m di f fus ion-
type m e t e r wi th a c a l i b r a t e d M i l l i ­
t o r r gauge h a s the d e s i r e d c h a r a c ­
t e r i s t i c s for a h y d r o g e n - a c t i v i t y 
m e t e r . 

io-» 

CALCULATED PRESSURE, Torr 

Fig. 11-10. Hydrogen Activity Meter Calibration. 
ANL Neg. No. 308-2421. 

^^The concentration of hydrogen in sodium is given by S 
P = hydrogen pressure. 

KP-'-''^, where K Sievert's constant and 
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f. Detection of Leaks in Steam Generators 

This work involves evaluating the requirements for a leak-
detection system for LMFBR steam generators and developing and proof-
testing a detection system to meet these requirements . F i r s t consideration 
is being given to diffusion-type hydrogen monitors for leak detection because 
they appear to be durable and sensitive to small changes in the hydrogen 
level of sodium. A signal-interpretation and a larm unit will be developed 
that accommodates normal hydrogen fluctuations in the sodium without 
giving false a larms. 

The requirements for a leak-detection system and a de­
scription of the detector being developed at ANL are presented in detail 
elsewhere.^^ The principal requirements of a s team-genera tor leak de­
tector are that it be sensitive, rapid, and prec i se . The sensitivity required 
to detect leaks that would lead to rapid perforation of adjacent tubes in a 
large generator (10^ lb sodium/hr) is the capability of detecting a change 
of -4% in the hydrogen level at a concentration of 0.1 ppm hydrogen dis­
solved in sodium. 

The in-sodium hydrogen monitor being developed for leak 
detection is based on the diffusion rate of hydrogen through a nickel mem­
brane operated under a dynamic vacuum. A vacuum (10" to 10"° Torr ) is 
drawn at a steady rate by an ion pump; thus, a hydrogen-activity gradient 
develops from the sodium side to the vacuum side of the membrane and 
results in the diffusion of hydrogen through the membrane. 

The rate of hydrogen diffusion through the membrane, a 
direct measure of the hydrogen concentration in the sodium, will be de­

termined by monitoring the current to 
the ion pump. This leak detector is 
shown schennatically in Fig. 11-11. ' SIGNAL 

ANALYZER 

, VACUUM PORT 

A p r o t o t y p e of the l e a k d e t e c t o r 
h a s been i n s t a l l e d on a p u m p e d sod ium 
s y s t e m (Sodium Ana ly t i ca l Loop , SAL). 
T e s t s of th i s uni t have i n d i c a t e d that 
the d e t e c t o r r e a d o u t s igna l i s qu i te 
s t ab l e when the i o n - p u m p p o w e r supply 
is o p e r a t e d off a n o i s e - f r e e 110-V ac 
l ine . F u r t h e r t e s t s h a v e shown, how­
e v e r , tha t the s t a b i l i t y of the d e t e c t o r 

readout s ignal is s t rongly affected when o t h e r a p p l i a n c e s a r e be ing o p e r a t e d 
off the same 110-V l ine . Typica l i o n - p u m p c u r r e n t r e a d i n g s , t aken at 

Fig. 11-11. On-Line Ion-Pump Hydri 
gen Detector. ANL Nef 
No. 308-2420. 

23"Sodium Technology Quarterly Report, January, Febraary, March 1970," ANL/ST-2, Argonne National 
Laboratory (July 1970). 
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1-sec intervals , showed that the noise level was about 2.3% of the recorded 
signal of 1 7 fiA, a current reading equivalent to ~0.1 ppm hydrogen in 
sodiunn. 

To improve the signal-to-noise ratio, a Sorensen ac line 
regulator (ACR, ±0.1%) was installed between the ion-pump power supply 
and the 110-V ac line. The conditions under which the regulator was tested 
were the same as those described above--an i r regular 110-V line voltage 
and an ion-pump current corresponding to -0.1 ppm hydrogen in sodium. 
The line regulator decreased the noise level from 2.3% of the recorded 
signal to 0,06% and increased the sensitivity to an extent that a 4% change 
in the hydrogen level at a concentration of 0.1 ppm hydrogen dissolved in 
sodium could be detected. 

Plans a re being nnade to supply an ANL hydrogen-meter 
leak detector for the Sodium Component Test Installation at the Liquid 
Metals Engineering Center for use in their test of the Atomics International 
s team generator , which is scheduled for spring or summer of 1971. 

Work is also under way to develop a leak-detection system 
for the secondary sodium system at EBR-II. 

2. Failed Element Detection and Location (FEDAL) Systems 
and Radioactive Repair Engineering 

a. FEDAL Systems 

Requirements for Detection Systems. Fuel failures in non-
vented fas t - reac tor oxide fuel elements in sodium-cooled reac to r s may be 
character ized as follows: 

Type 1. Cracks or pinholes in the cladding, which allow 
fission gases to escape either intermittently or continuously. 

Type 2. Fa i lures in which sodium coolant enters the fuel 
element through a cladding defect. The sodium can subsequently be expelled 
or, if the defect is large enough, the sodium may continuously wash the 
oxide, carrying with it fission products that have leached from the fuel. 

Type 3. Fa i lu res that allow par t ic les of fuel oxide to escape 
to the coolant. This type of failure would not be likely to occur spontane­
ously but would probably resul t from a failure that s tarted with sodium-
oxide contact and would p rogress because of a combination of chemical 
attack and flow erosion of the oxide. 

Type 4. Fuel meltdown, which would occur when coolant 
flow was diminished and power output maintained. 
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The p r e s e n t m o d e of o p e r a t i o n of s o d i u m - c o o l e d r e a c t o r s 
i s to shut down and c o r r e c t Type 1 f a i l u r e s . A c h a r g e d - w i r e d e t e c t o r 
(cal led the F i s s i o n Gas M o n i t o r at E B R - I I ) , wh ich i s b a s e d on t h e d e t e c t i o n 
of g a m m a - e m i t t i n g d a u g h t e r s of ««Kr, « 'Kr , and '^»Xe, h a s b e e n the m a j o r 
i n s t r u m e n t used to de tec t Type 1 f a i l u r e s . T h e r e h a s b e e n no r o u t i n e l y 
used locat ion s y s t e m , a l though " t a g g i n g " by i n c o r p o r a t i n g m i x t u r e s of 
s table i so topes of xenon in s ide the f u e l - e l e m e n t j a c k e t i s be ing u s e d for 
expe r imen ta l fuels in E B R - I I . 

C o m m e r c i a l L M F B R s m a y con t inue to o p e r a t e wi th Type 1 
f a i l u re s ; in fact, s o m e r e a c t o r c o n c e p t s i nc lude t he u s e of v e n t e d fuel, f r o m 
which f iss ion g a s e s e s c a p e con t i nuous ly . U n s c h e d u l e d shu tdown of c o m ­
m e r c i a l p lan t s would r e s u l t f r o m m o r e s e r i o u s t y p e s of fuel f a i l u r e s : 
p ropaga t ion of f a i lu re f r o m pin to p in , b lock ing of coo lan t flow c h a n n e l s , 
and washout of oxide fuel f r o m the c l add ing . F o r l e s s s e r i o u s f a i l u r e s , 
adequate in format ion is not a v a i l a b l e on how m u c h d i s p e r s i o n of r a d i o a c t i v e 
f iss ion p roduc t s is t o l e r a b l e in o p e r a t i n g f a s t - r e a c t o r s y s t e m s . 

One of the u r g e n t n e e d s in the o v e r a l l L M F B R p r o g r a m is 
to t e s t oxide fuels to f a i lu re and beyond, i . e . , beyond the a p p e a r a n c e of a 
pinhole or c r a c k that a l lows e s c a p e of g a s . F o r t h e s e t e s t s , w h i c h m i g h t 
be conducted e i the r in E B R - I I o r F F T F , a d e t e c t i o n s y s t e m i s n e e d e d to 
moni tor the fa i lu re whi le it i s p r o g r e s s i n g . D a t a f r o m a F E D A L s y s t e m 
with d iagnos t ic capabi l i ty i s n e c e s s a r y to e v a l u a t e f a i l u r e e x p e r i e n c e s and 
to build up f u e l - r e l i a b i l i t y i n f o r m a t i o n u n d e r cond i t i ons w h e r e fuel e l e m e n t s 
a r e run beyond f a i l u r e . A f u e l - f a i l u r e d e t e c t i o n s y s t e m is n e e d e d tha t wi l l 
d i s t inguish be tween cladding de fec t s that r e l e a s e gas only and s e r i o u s f a i l ­
u r e s in which leach ing of the fuel by s o d i u m o c c u r s . A d e l a y e d - n e u t r o n 
moni to r should de tec t ex t ens ive w a s h o u t of oxide p a r t i c l e s f r o m the c l a d ­
ding. However , this dev i ce , which is d e s i g n e d to p r o t e c t the r e a c t o r and is 
p r e s e n t l y in u s e at EBR- I I , p r o v i d e s l i t t l e c a p a b i l i t y for d e t e r m i n i n g the 
extent of l each ing of the fuel by s o d i u m b e c a u s e of i t s low s i g n a l - t o - n o i s e 
c h a r a c t e r i s t i c s p r i o r to ex t ens ive w a s h o u t of p a r t i c l e s . 

In -Sodium M o n i t o r s for F u e l - F a i l u r e D e t e c t i o n . The in ­
line appl icat ion of g a m m a s p e c t r o m e t r y for a n a l y s i s of f i s s i o n - p r o d u c t 
i so topes in p r i m a r y sod ium is h a m p e r e d by the i n t e r f e r e n c e f r o m s o d i u m -
act ivat ion p r o d u c t s , ma in ly s o d i u m - 2 4 . T h e r e f o r e , the m a j o r p r o b l e m to 
be solved is the deve lopment of s e p a r a t i o n s m e t h o d s t h a t a r e a d a p t a b l e to 
in- l ine moni to r ing equipment . 

T h r e e a p p r o a c h e s to s o d i u m - r a d i o i s o t o p e s e p a r a t i o n s have 
been cons ide red ; (1) E l e m e n t s m o r e vo l a t i l e than s o d i u m , inc lud ing c e s i u m 
and rubid ium, could be s e p a r a t e d f r o m s o d i u m by an i n - l i n e , m u l t i s t a g e 
vacuum dis t i l l a t ion column that g r e a t l y i n c r e a s e s the r a t i o of c e s i u m and 
rub id ium to sod ium-24 in the v a p o r i z e d p r o d u c t . (2) F i s s i o n and c o r r o s i o n 
p roduc t s could be ex t r ac t ed into a second l iqu id p h a s e , e .g . , l i t h i u m , tha t i s 
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circulated and counted; this second phase accumulates the nonvolatiles when 
the volati les, including sodium, are distilled from it. (3) Iodine in sodium 
could be determined from the rate of generation of its xenon daughter, a gas 
which is sparged out of the sodium and counted. Current effort is being 
directed pr imar i ly toward developing the iodine-monitoring concept into an 
in-line monitoring device. 

The steps involved in monitoring iodine in the sodium would 
be the following: (1) sampling of the reactor sodium in a flow-through sam­
pling and sparging cell; (2) sparging the sample with helium (containing a 
small annount of inactive xenon as a ca r r i e r ) in a gas recirculat ion loop to 
str ip the sodium of most of the xenon that was present at the t ime of sam­
pling; (3) trapping and discarding the xenon stripped in step 2; (4) allowing 
iodine in the sample to decay for a predetermined time to allow buildup of 
xenon daughters; (5) restripping the sodium of xenon gas with recirculat ing 
helium containing added inactive xenon; and (6) trapping and assaying the 
xenon produced from iodine decay. Assuming that the t ransfer of xenon 
from the sodium to the xenon trap is essentially complete, the concentration 
of iodine in the sodium phase is calculable from the measured xenon activity, 
decay constants of the isotopes in the mass chain selected, and the t imes 
involved in the various steps. 

Of the xenon activities considered for assay in reactor 
application of the iodine-monitor concept, the 15.6-min '^^'^Xe isotope is 
of p r imary interest . Its p recursor , '^^I (6,7 hr) , has a long enough half-
life so that its escape fraction to the coolant through a cladding leak should 
be significantly greater than that of delayed neutron p r e c u r s o r s , but its 
half-life is not so long that buildup of activity in the coolant would interfere 
with the detection of subsequent fuel fai lures. In addition, the half-lives of 
the I p r e c u r s o r s , 1.9-sec Sb and 29-sec Te, a re short enough so that they 
will not complicate the '^^''^Xe assay. 

Location Systems. A number of concepts for locating failed 
fuel have been devised. Xenon tagging, which is presently being used for 
experimental fuels in EBR-II, will probably not be applicable in future r e ­
actors operating with vented and/or defective fuel. Several other concepts, 
which were evaluated for use by the F F T F Project , involve the disengage­
ment of f ission-gas bubbles from sodiunn. These concepts have proven to 
be difficult to implement because of the complexities ar is ing from the p r e s ­
ence of a line extending from the top of eachfuel assembly to the process ing 
equipment. 

For noncontinuous operation of a location system, a small 
gas t rap could be built into each fuel assembly. In its simplest form, this 
t rap would be a small , closed dome placed over the outlet of each fuel 
assembly, but attached to it. The gas t rap would be designed to be ineffi­
cient at normal sodium velocities and would function only at very low 
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sodium velocities, such as those existing at reactor shutdown. Two factors 
contribute to a gas release during reactor shutdown: (1) the p r e s s u r e out­
side the pin is reduced when the sodium velocity is reduced, and, as a result , 
gas is released either from a fuel defect or fronn the vent while p r e s s u r e 
balance is being achieved; and (2) experience with oxide fuel indicates that 
a burst of gas is also released from the oxide matr ix as the fuel cools. 

If cladding leaks (either small , continuous gas leaks or 
large, serious leaks) are present at the end of the reactor operating cycle, 
the fuel-assembly gas trap should contain quantities of isotopes such as 
°°Kr (2.77 hr), '^'^Kr (4.36 hr) and ' " X e (9.3 hr) . The gas trapped in each 
dome would be sampled with a "sipping" tool attached to the already existing 
refueling mechanism, and only one line would be used to route the gas sam­
ples, in turn, from the sipping tool to a shielded-detector si te. Other ways 
of utilizing the sipping technique are under consideration, 

b. Maintenance and Repair 

The pr imary system of an LMFBR becomes radioactive 
with radioisotopes from activation of s tructural mate r ia l s and sodiunn and 
from fuel sources, and the spread of this radioactivity throughout the p r i ­
mary system is expected to cause serious maintenance problems. Plans 
for the research and development work required to evaluate these mainte­
nance problems have been formulated; the p rogram will emphasize the use 
of EBR-II. The plans include work in the following categories: monitoring 
and surveillance, activity-level prediction, decontamination and maintenance 
procedures, and activity-level control methods. 

There are two trends in design and proposed mode of opera­
tion of future LMFBRs that will lead to p r imary system contamination levels 
greater than those presently existing in EBR-II. (1) The tempera ture levels 
will be higher, which will increase t ransport ra tes of activated corrosion 
products. (2) Reactors will continue to operate with fuel elements that have 
lost hermetic seals; thus, some fission products normally contained within 
the cladding could distribute throughout the p r imary system. The higher 
levels of radiation are expected to cause increased difficulties in mainte­
nance, and the severity of these maintenance problems is related to the 
specific radiation levels in existence in the a rea of maintenance work. 

The radiation levels that will be encountered in future r e ­
actors cannot, at present, be predicted with any degree of certainty because 
the transport and deposition processes a re very complex and complete 
theories for prediction do not exist. This information can be gained only 
by reactor experience, in which the radiation levels a re monitored as tem­
peratures are increased and the reactor is operated with some failed fuel 
in the core. Valuable insight into some of the problems can be gained by 
studying the spread of radioactivity in EBR-II. To use EBR-II for this 
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purpose, certain plant changes would have to be made and experiments 
carr ied out. These activities a re as follows: (1) develop and implement 
standard methods of analysis for examination of contaminated surfaces 
taken from the reactor (these surfaces may be those of tabs inserted for 
this purpose or of components taken from the p r imary sodium system or 
from the analytical cold trap); (2) gain access to the shell side of the inter­
mediate heat exchanger for deposition measurements ; (3) develop and 
execute a plan for the use of tabs as a tool for measuring system contami­
nation during periods of operation with failed fuel; (4) conduct experiments 
using reactor sodium to investigate the t ransport of activated corrosion 
products; (5) remove and analyze circulating part iculates or measure their 
effects indirectly; (6) investigate methods for moving fixed activity in the 
reactor; and (7) use the cold trap or the analytical cold t rap to investigate 
methods for removal of activity from sodium. 

3. Nature and Control of Sodium Aerosol 

The presence of sodium aerosol in high-temperature reactor 
cover gas can interfere with the movement of control-rod drive units, 
shafts, and other mechanical par t s of the reactor , clog the gap between 
moving pa r t s , and t ransport fission products and other impurit ies fronn the 
sodium phase to the cover-gas phase. 

At tempera tures above ~300°C, most of the sodium transported 
in a cover gas will leave the sodium pool as sodium vapor. If the interface 
tempera ture exceeds the cover gas temperature by more than 50°C, most 
of the sodium vapor will be condensed to aerosol within a few mi l l imete rs 
of the interface. Convective recirculation of cooled aerosol from the cover 

% 
gas back to the hot sodium surface will promote continued t ranspor t of so­
dium vapor from the pool surface to the aerosol par t ic les . At the higher 
sodium-pool t empera tures , it is expected that p rocesses of agglomeration 
and gravitational settling will control the concentration and size of the 
aerosol . The present program, which involves both calculational and ex­
per imental studies, has the objectives of determining aerosol p roper t ies , 
investigating the mechanism of aerosol formation, and developing methods 
for aerosol control. 

a. Calculational Studies 

The sodium aerosol charac te r i s t ics in the cover gas over 
the sodium pool will be controlled principally by the following process 
mechanisms: (1) heat t ranspor t , (2) mass t ranspor t , (3) nucleation, 
(4) agglomeration, and (5) gravitational settling. The development of models 
based on combining these p rocess mechanisms will help to define the scaling 
laws of the overall p roces s . Such models a re needed to determine the value 
of smal l - sca le laboratory experiments and the need for full-scale t e s t s . 
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Heat-transport calculations have indicated^* that most of 
the condensation to aerosol will occur close to the sodium surface. 

Sodium vapor that has evaporated from the surface of the 
sodium pool will be cooled by natural convection in the cover gas. Most of 
the sodium vapor will condense on existing aerosol part icles and cause 
them to grow. As these particles are removed either by gravitational 
settling or cover-gas circulation, new part ic les will be created by nuclea­
tion processes. Three processes are possible: nucleation on foreign par ­
ticles, nucleation on ions, and spontaneous nucleation. Since no experimental 
data were found for nucleation processes of metal vapors, a calculational 
study was undertaken to examine these three processes as applied to sodium 
aerosols and a comparison was made with experimental data for water 
vapor. This theoretical treatment is reported elsewhere. ^ 

b. Experimental Studies 

Initial experimental studies were directed toward measure ­
ments of sodium-aerosol concentrations in argon cover gas over a sodium 
pool at various temperatures (the apparatus is described in a progress 
report).^^ Because of experimental difficulties with loss of aerosol in the 
sample lines, the values obtained are considered to be only lower l imits . 
The measured aerosol concentrations were compared with sodium-vapor 
concentrations, calculated from the propert ies of saturated sodium vapor 
for the same temperatures. These data are given in Table I I - l . Both the 
calculated vapor concentration and the measured aerosol concentration are 
based on the volume of cover gas at 1 atm and 25°C. In spite of the experi­
mental difficulties, the results indicate that the sodium aerosol concentra­
tion can exceed the concentration resulting from the vapor p r e s su re by a 
factor greater than 9. An extremely high aerosol concentration, 35 g/m^, 
was measured above the sodium at 500°C. 

TABLE II-1. Sodium Aerosol ContiTitration in Argon Cover Gas 

Sodium Temp. Measured Aerosol Calculated Vapor 

Run CO Cone, ig/tn') C o n e , (g m ' ) 

N A F 1 

N A F 2 

N A F 3 
N A F 4 

N A F 5 

200 
300 

4 0 3 

500 

6 0 0 

O.OOOZZ 

0 . 0 0 4 8 
4 . 6 

35 

p l u g g e d l i n e 

0 . 0 0 0 1 6 8 
0 . 0 1 7 4 

0 . 4 9 0 

5 . 0 6 

S i . 4 

P r e l i m i n a r y m e a s u r e m e n t s of the p a r t i c l e - s i z e d i s t r i b u ­
tion of sodium a e r o s o l in a rgon over sod ium a t 400°C have b e e n m a d e wi th 
a Casa l l a jet i m p a c t o r . The r e s u l t s i nd ica ted tha t the m a s s m e a n d i a m e t e r 
was ~4 pm, i . e . , 50 wt % of the sod ium a e r o s o l w a s p r e s e n t a s p a r t i c l e s 
having d i a m e t e r s l e s s than 4 / J m . 

24"Sodium Technology Quarterly Report, January, Febmary, March, 1970," ANL/ST-2, pp. 3-12 to 3-16 
(July 1970), ' ^^ 

"Sodium Technology Quarterly Report, July, August, September 1970," ANL/ST-4 (December 1970). 



III. M A T E R I A L S CHEMISTRY AND THERMODYNAMICS 

A. H i g h - T e m p e r a t u r e T h e r m o d y n a m i c S tudies 

The ob j ec t i ve of t h i s p r o g r a m is to ob ta in p h a s e - d i a g r a m , t h e r m o ­
d y n a m i c , and c h e m i c a l da ta tha t can be u s e d to i n t e r p r e t and e v a l u a t e p e r ­
f o r m a n c e of f a s t - b r e e d e r - r e a c t o r fue l s . Th i s i n f o r m a t i o n wi l l a id in 
u n d e r s t a n d i n g and in s e l e c t i n g m e t h o d s for c o n t r o l of s o d i u m - f u e l i n t e r ­
a c t i o n s , f i s s i o n - p r o d u c t d i s t r i b u t i o n in the fuel, c l add ing a t t a c k by c o r r o s i v e 
f i s s i o n p r o d u c t s , p l u t o n i u m s e g r e g a t i o n , and fuel swe l l ing . In addi t ion , 
t h e s e da ta wi l l he lp to ident i fy p h a s e s f o r m e d in fuel u n d e r o p e r a t i n g con­
d i t ions and to c h o o s e a d d i t i v e s for c o n t r o l l i n g the c h e m i c a l p o t e n t i a l s of 
fuel an ions and t hose f i s s i o n p r o d u c t s which a r e d e l e t e r i o u s to p r o l o n g e d 
f u e l - p i n l i f e t i m e s . 

The h i g h - t e m p e r a t u r e i n v e s t i g a t i o n s of U - P u - O , U - P u - O - N a , and 
U - C - O f u e l - f i s s i o n p r o d u c t - s o d i u m s y s t e m s inc lude m a s s - s p e c t r o m e t r i c 
v a p o r p r e s s u r e m e a s u r e m e n t s , p h a s e - d i a g r a m s t u d i e s , and a c t i v i t y 
m e a s u r e m e n t s by t r a n s p i r a t i o n e x p e r i m e n t s . 

1. V o l a t i l i z a t i o n S tudies of U r a n i u m - P l u t o n i u m Oxides by M a s s 
S p e c t r o m e t r y 

The m a s s - s p e c t r o m e t r i c i n v e s t i g a t i o n of s i n g l e - p h a s e 
(Uo.8Puo.2)C'2-x m a t e r i a l h a s b e e n comple t ed , and a p a p e r en t i t l ed "A M a s s 
S p e c t r o m e t r i c I nves t i ga t i on of the Vo la t i l i z a t i on B e h a v i o r of (Uo.8F'uo.2)02_x"' 
h a s b e e n p u b l i s h e d . A s u m m a r y of t h i s s tudy fo l lows: 

192 193 194 195 196 197 I 98 I 99 200 
O/M ATOM RATIO 

Fig. III-l 
Partial Pressures of the Vapor 
Species over (Uo_8Puo.2)02_x 
at 2241°K. 

T h e v a r i a t i o n of t h e i o n i n t e n s i t i e s of 

UO""", UO2+, UO3+, P u O + , a n d PUO2"'" ( t h e o n l y 

s p e c i e s d e t e c t e d ) a s a f u n c t i o n of t e m p e r a t u r e 

w a s d e t e r m i n e d u s i n g a n i o n i z i n g e l e c t r o n e n e r g y 

of 15 e V f o r UOj"*" a n d PUO2"'" a n d 11 e V f o r PuO"*", 

UO"*", a n d UOj ' ' ' . T h e p a r t i a l e n t h a l p i e s of s u b ­

l i m a t i o n i n t h e v a p o r s p e c i e s , d e t e r m i n e d b y t h e 

s e c o n d - l a w m e t h o d , a r e 1 2 3 . 4 3 ± 1 .69 , 1 3 9 . 4 1 ± 

1 . 8 1 , 1 4 6 . 2 5 ± 1 .67, a n d 1 5 8 . 4 7 ± 1 .98 c a l / m o l f o r 

t h e v a p o r s p e c i e s P u O , PUO2, U O j , a n d UO3, 

r e s p e c t i v e l y . S i n c e U O a p p e a r s t o r e s u l t p r i ­

m a r i l y f r o m f r a g m e n t a t i o n of o t h e r v a p o r 

s p e c i e s , d a t a f o r i t h a v e b e e n o m i t t e d . T h e 

p a r t i a l p r e s s u r e s d e r i v e d f r o m t h e e x p e r i m e n t a l 

d a t a a t 2 2 4 1 ' ' K a r e s h o w n i n F i g . I I I - l a s a f u n c ­

t i o n of t h e O / M r a t i o f o r t h e s o l i d p h a s e . 

'•J. E. Battles, W. A. Shinn, P. E, Blackburn, R. K. Edwards, Plutonium 1970: Proceedings of the Fourth 
International Conference on Plutonium and Other Actinides, Nuclear Metallurgy, Vol, 17, part II, 
pp. 733-742, The Metallurgical Society of AIME. 
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2. Phase and Reaction Studies of U-O-Na and U-Pu-O-Na Systems 

Interaction of sodium coolant with reactor fuel could cause fuel 
swelling and cladding rupture in the event of a breach in the cladding. The 
severity of the problem may determine how long failed fuel elements can be 
left in the reactor core and whether or not failed fuel elements can be stored 
in the reactor sodium coolant. 

Some of the objectives of this study and the progress that has 
been achieved thus far in meeting them are given below. 

a. Na-O-M Phase in Equilibrium with Sodium and Mixed Oxide 

Pepper et al.^ stated that Na3U04 is the Na-U-O phase that 
exists in equilibrium with sodium and UO2 in the temperature range 600 to 
1000°C. According to their X-ray data, it has a face-centered cubic struc­
ture with ao = 4.79-4.80 A. Before working with mixed oxides, we con­
firmed this by detecting a fee phase (ao = 4.78-4.79 A) in equilibrium with 
sodium and UO2 in products of reactions at 750 and 800°C. Phase relations 
were also determined for other U-O-Na compounds (see Section III.A.3 of 
this report). 

Experiments were conducted with mixed oxides with a Pu/ 
(U + Pu) ratio of 0.198. A face-centered cubic phase, ao = 4.78 A, was 
found to have formed in the presence of sodium and the MOj-x phase in re­
actions at 800, 905, and 950°C. The similarity of these X-ray data to those 
for Na3U04 indicates that the phase is Na3M04, where M stands for uranium 
and plutonium. The Pu/(U + Pu) ratio of the Na3M04 phase has not yet been 
established. 

^- The Preparation of NagUO^ and Na3M04 for Miscellaneous 
Purposes 

Preparations of Na3U04 are needed in quantities sufficient 
for the establishment of its thermodynamic properties by calorimetry (see 
Section IILC) and mass spectrometry (see Section III.A.l) and for other 
purposes. Single-phase preparations of Na3U04 have been made on a two-
snno'̂  " ^ ^ ^ ^^ reacting Na20 and UO2.14 (sometimes with excess sodium) at 
800 C m nickel capsules that are welded shut. Attempts are currently being 
made to duplicate the process on a 70-gram scale. When the latter are 
successful, attempts will be made to produce Na3Pu04 and Na3(U,Pu)04 on a 
similar scale. ^ 1 3v / 4 

In an a t t emp t to e s t a b l i s h the m e l t i n g poin t of Na3U04, a 
sample of s i n g l e - p h a s e Na3U04 was h e a t e d for 10 m i n u t e s a t 1425°C in a 

'R. T. Pepper, J, R, Stubbles, C, R, Tottle, Appl, Mater, Res, 3, 203 (1964). 
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nickel capsule. Metallographic examination of the product showed that, 
instead of melting, the Na3U04 had sintered. 

studies are planned on the sodium-fuel reaction mechanism and on direct 
measurements of fuel O / M ratios in equilibrium with Na3M04 and sodium. 
An X-ray la t t ice-parameter measurement of the fuel is being explored as 
a method to obtain the fuel O / M composition. 

3. Mass-Spectrometr ic Study of Sodium-Fuel Interaction 

The objective of this study is to obtain equilibrium thermody­
namic data on the products of reaction between sodium and fuel. In par­
ticular, the studies a re concerned with determination of the oxygen and 
sodium part ial p re s su res (activities) in equilibrium with the reaction 
product, liquid sodium, and (U,Pu)02. Knowledge of the sodium and oxygen 
part ial p r e s su re s will permit us to calculate the O / M ratio below which 
reactions will not occur. 

After initial tests to establish if oxygen and sodium could be 
nneasured with the spectrometer, we ran two ser ies of experiments on 
Na3U04. In the f irs t ser ies , it was found that a large portion of the sample 
was lost by effusion from the Knudsen cell at 900-1060°C and that initially 
only sodium was detectable. After the sample had dissociated for some 
time, the sample lost both oxygen and sodium vapor. The residue at the 
end of this experiment was practically all UOj. Thus, near the end of the 
experiment, oxygen p re s su res could also be measured. However, to 
measure both sodium and oxygen, one must study regions of the U-O-Na 

system removed from the region 
of interest . 

0.4 0 6 
Na/M RATIO 

Fig. III-2. Phase Relations in the U-O-Na System. 

In the s e c o n d s e r i e s of ex­
p e r i m e n t s , we a g a i n m e a s u r e d 
p r e s s u r e s in s a m p l e s that w e r e 
i n i t i a l l y Na3U04. In addi t ion , the 
s a m p l e m a t e r i a l w a s p e r i o d i c a l l y 
a n a l y z e d by X - r a y d i f f rac t ion to 
d e t e r m i n e the c o n d e n s e d p h a s e s 
p r e s e n t . The da ta f r o m S e c ­
t ion III.A.2 and t h e s e X - r a y da ta 
w e r e c o m b i n e d to c o n s t r u c t the 
p h a s e d i a g r a m in F i g . I I I -2 . In 
t h e s e m e a s u r e m e n t s , the s a m p l e 
con t inuous ly changed c o m p o s i t i o n 
a s s o d i u m w a s los t , m o v i n g m a t e ­
r i a l into r e g i o n s r i c h e r in oxygen 
and u r a n i u m (along the b r o k e n l ine 
in F ig , I I I -2) . We con t inued t h e s e 
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experiments until we reached a three-phase region (tentatively identified as 
NaU03-Na2U04-Na2U207) where both sodium and oxygen could be measured . 
With the measured sodium and oxygen p r e s s u r e s and the calculated equilib­
rium constants, one can calculate oxygen p re s su re s by a stepwise p rocess 
in each of the three-phase regions where sodium p re s su re s were measured. 
Finally, the data will be used to calculate oxygen p r e s s u r e s in the UO2-
Na3U04-Na three-phase region. 

After completing studies on the U-O-Na system, we plan to 
study the U-Pu-O-Na system. 

4. Influence of Oxygen Contamination on Carbon and Uranium 
Activities in UC 

Measurements of the influence of oxygen on carbon activity and 
total pressure of uraniunn-bearing species in the uranium-carbon system 
have been initiated. To avoid the formation of U02(s) when investigating the 
single-phase UC^̂ O region, the oxygen part ial p re s su re must be lower than 
that needed for the formation of U02(s). Therefore very high CO/CO2 ratios 
are required (since 2CO2 ^=^2CO + O2), With a gettering system consisting 
of a combination of hot copper and a Molecular Sieve, we were able to obtain 
a CO-He car r ie r -gas mixture containing less than 0.1 ppm CO2. The CO/ 
CO2 ratios in the equilibrating gas were measured by means of gas chroma­
tography. From these ratios, est imates of the carbon and oxygen activities 
can be obtained. 

The uranium carbide charge used in our studies consisted of a 
spherical -8 +12 mesh powder with the following composition: -4.55 wt % 
carbon (C/u = 0.96), -150 ppm oxygen, ~350 ppm nitrogen, and <200 ppm 
metallic impurities- In the early runs carr ied out at relatively low ca r r i e r -
gas flow rates, the CO/CO2 ratio of the exiting gas was approximately an 
order of magnitude lower than that of the input gas. Recent experiments at 
high carr ier -gas flow rates have minimized the discrepancy between input 
and output CO/CO2 ratios. The results at 2355°K are summarized in 
Table III-l. It should be noted that metallographic examination of the res i ­
dues did not show the presence of U02(s) in the matr ix or on the surface of 
the particles in any of the experiments. 

From these data, we calculate carbon activities to be approxi­
mately 1.5 X 10"̂  at 2355°K. For comparison, the carbon-activity values 
based on our measurements with the H2-CH4 mixtures over "oxygen-free" 
UCx compositions ranging from c / u = 0.99 to c / u = 1.00 yielded values 
of a.^ of -0.15 at 2355°K, The effect of a small addition of oxygen, e.g., 
1.5-2.0 at, %, results in a significant reduction in the activity of carbon. 
This can have important implications in the potential t ransfer of carbon 
from fuel to cladding materials . 
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TABLE III- l . Tentative Values of Carbon Activity 
and Oxygen Par t i a l P r e s s u r e for U-C-O System 

Run 100-1 Run 101-1 Run 101-2 

Tempera tu re , °K 2355 2355 2355 

Time of run, hr 5.5 2.9 6.7 

C a r r i e r gas CO-He CO-He CO-He 

Flow rate , m l / m i n HOC 1100 UOO 

Pa r t i a l p r e s s u r e CO in 

c a r r i e r gas, Tor r -10 -4 -4 

CO/COz, input gas 3 . 2 x 1 0 * 5 . 4 x 1 0 ' 5.7 x lO* 

CO/cOj , output gas 2 . 2 x 1 0 * 4 . 6 x 1 0 * 4 . 7 x 1 0 * 

-log p(02) (based on input) 12.52 12.98 12.94 

-log p(02) (based on output) 12.20 12.72 12.78 

Carbon activity (based on input) 2.0 x 10"' 1.3 x 10 ' ' 1.4 x 10"' 

Carbon activity (based on output) 1.4 x 10"' 1.0 x 10"' 1.1 x 10"' 

Composition UC,.„„0„.„4 UCi.ooO„.o2 UCi.ooOo.oz 

Nitrogen content, ppm 710 

Metallographic examination UO^ not detected UOj not detected UO2 not detected 

The total p ressure of uranium-bearing species was measured 
at 2020. 2155, 2255, and 2355°K. The total p ressure of uranium-bearing 
species over uranium oxycarbide composition is considerably higher (a 
factor of 10 or more) than the p ressu res obtained with "oxygen-free" ma­
terial . This higher p ressure may reflect in part the enhancement in ura­
nium activity as a consequence of the significant reduction of carbon activity 
in the oxycarbide, as well as the vaporization of an oxygen-containing ura­
niunn species from the oxycarbide composition. 

For the oxycarbide compositions given in Table III-l , the free 
energy of formation was roughly estimated from oxygen and carbon activity 
values derived from our measurements . In the absence of species infor­
mation, the uranium activity was based on the total p re s su re of uranium-
bearing species, the assumption that the vapor is uranium gas, and the sub­
limation p ressu re of pure uranium. From the expression AGS = 
R'T log Nj2aj, a tentative value of -40 kcal/mol at 2355''K was obtained for 
the free energy of formation. The free energy of formation of "oxygen-free" 
UC calculated from our carbon-activity measurements and Storms' adjusted 
vapor p re s su re measurements was AGf —-24.8 kcal/mol at 2355°K. 

B, Reactor Safety and Physical Proper ty Studies 

The p r imary objective of these studies is to provide physical prop­
erty data for use in evaluating the safety of various fas t -breeder reactor 
mater ia l s . Proper ty data obtained experimentally at temperatures above 
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n o r m a l ope ra t i ng condi t ions wi l l be e x t r a p o l a t e d to the m u c h h i g h e r t e m ­
p e r a t u r e s involved in acc iden t s i t u a t i o n s . In addi t ion , r e a c t o r m a t e r i a l - f u e l 
phase s tudies at high t e m p e r a t u r e s a r e u n d e r way to p r o v i d e c h e m i c a l in­
fo rmat ion needed on f i s s i o n - p r o d u c t d i s t r i b u t i o n b e t w e e n m o l t e n fuel and 
o ther r e a c t o r m a t e r i a l s for u s e in p o s t - a c c i d e n t h e a t - r e m o v a l c a l c u l a t i o n s . 

1. En tha lp i e s and Hea t C a p a c i t i e s by Drop C a l o r i m e t r y 

T h r e e c o m p l e m e n t a r y c a l o r i m e t r i c s y s t e m s for the m e a s u r e ­
ment of h i g h - t e m p e r a t u r e en tha lpy i n c r e m e n t s a r e a v a i l a b l e for ou r u s e . 
Depending on the m a t e r i a l to be s tud i ed and t e m p e r a t u r e r a n g e to be cov­
ered , one m a y choose (1) the r e s i s t a n c e - h e a t e d d rop c a l o r i m e t r i c s y s t e m ' 
(600-1600°K), (2) the e l e c t r o n - b e a m - h e a t e d d rop c a l o r i m e t r i c sy s t em^ 
(1300-2500°K), or (3) the i n d u c t i o n - h e a t e d drop c a l o r i m e t r i c s y s t e m ^ (2500-
3600°K). During th i s r e p o r t p e r i o d , s y s t e m s (1) and (3) h a v e b e e n u s e d for 
making m e a s u r e m e n t s , 

a, R e s i s t a n c e - H e a t e d C a l o r i m e t r i c S y s t e m 

T h e r m o d y n a m i c da ta a r e n e e d e d on f i s s i o n - p r o d u c t ox ides 
for help in eva lua t ion of the ox id iz ing p o t e n t i a l in r e a c t o r fuel p i n s . With 
this in mind, a s u r v e y of the l i t e r a t u r e w a s conduc t ed on 22 f i s s i o n - p r o d u c t 
e l e m e n t s that f o r m v a r i o u s ox ides . No h i g h - t e n n p e r a t u r e e n t h a l p y da ta w e r e 
found for r u t h e n i u m dioxide; h i g h - t e m p e r a t u r e e n t h a l p y m e a s u r e n n e n t s have 
since been comple t ed by us on th i s compound . O the r f i s s i o n - p r o d u c t ox ides , 
for which data a r e not ava i l ab l e , wi l l b e s tud ied l a t e r . 

The e x p e r i m e n t a l da ta for RuOj 9̂  o v e r the t e m p e r a t u r e 
range 298-1200°K can be r e p r e s e n t e d by the e x p r e s s i o n 

(H'Jj,-Hl,8.i5) = 18,2472T + 1.31489 X 10-^T^ + 5,77166 X lO^T-' 

- 7493.1 c a l / m o l (1) 

The s t anda rd devia t ion for Eq. 1 i s 34 c a l / m o l o r 0.27%. The c o n s t r a i n t 
that ( H ^ - H2,8) = 0 at 298.15°K h a s b e e n u s e d in f i t t ing the data . 

The hea t c a p a c i t y for RuOi.gg is ob t a ined f r o m the d e r i v a ­
tive of Eq. 1 and i s given by 

C | = 18,2472 + 2.62978 x lO'^T - 5.77166 x lO^T'^ ca l / (mol ) ( °K) (2) 

D. R. Fredrickson, R. D. Barnes, M, G, Chasanov, R. L, Nuttall, R. Kleb, W, N, Hubbard, 
„High Temp. Sci, ]., 373 (1969), 
3D, R. Fredrickson, R, Kleb, R. L. Nuttall, W. N. Hubbard, Rev. Sci, Instr, 40, 1022 (1969: 

L Leibowitz, M, G, Chasanov, L. W, Mishler. Trans. Met. Soc. AIME 245, 981 (196£ 
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b- I n d u c t i o n - H e a t e d Drop C a l o r i m e t e r S y s t e m 

W o r k i s con t inu ing on the p r o g r a m to d e t e r m i n e the h e a t 
c a p a c i t y of UOj and of (U,Pu)02 to high t e m p e r a t u r e s . A c c u r a t e v a l u e s for 
h e a t c a p a c i t y and hea t of fus ion wi l l f a c i l i t a t e e s t i m a t i o n of the t o t a l e n e r g y 
r e l e a s e d and the t e m p e r a t u r e s a t t a i n e d in a r e a c t o r c o r e d u r i n g h y p o t h e t i c a l 
d e s t r u c t i v e n u c l e a r e x c u r s i o n s . Induc t ion h e a t i n g i s be ing u s e d in con junc ­
t i on wi th n o r m a l d r o p c a l o r i m e t r y p r o c e d u r e s . The e x p e r i m e n t a l p r o c e d u r e 
h a s b e e n d e s c r i b e d p r e v i o u s l y . * 

We have now c o m p l e t e d w o r k on UO2. Our en tha lpy da ta fo r 
l iquid UOj, for the r a n g e f r o m 3173 to 3523°K, can be r e p r e s e n t e d by the 
fo l lowing e q u a t i o n ob ta ined by the m e t h o d of l e a s t s q u a r e s 

H°x - Hl,8 = 32 .457T - 11153.4 (3) 

The e n t h a l p y i s g iven in c a l o r i e s p e r m o l e and t e m p e r a t u r e , T, i s in d e g r e e s 
Kelv in . The e s t i m a t e of the s t a n d a r d e r r o r for Eq. 3 i s 544 c a l / m o l . Mod­
e r a t e e x t r a p o l a t i o n s u s i n g th i s l i n e a r r e l a t i o n should be s a t i s f a c t o r y . 

The hea t of fus ion of u r a n i u m dioxide found f r o m ou r s t u d i e s 
i s 17.7 k c a l / m o l , and i s in good a g r e e m e n t with the va lue of 18.2 k c a l / m o l 
r e p o r t e d b y He in and F l age l l a . ^ 

To da te , c o n s i d e r a b l e effort h a s gone into p r e p a r a t i o n for 
m e a s u r e m e n t s of the e n t h a l p y of m i x e d - o x i d e fuel m a t e r i a l s . A w a l k - i n 
hood h a s b e e n c o n s t r u c t e d a r o u n d the i n d u c t i o n - h e a t e d d rop c a l o r i m e t e r 
s y s t e m , which h a s b e e n modi f i ed for o p e r a t i o n f r o m ou t s ide the hood. Once 
a s a m p l e c a p s u l e h a s b e e n loaded into the f u r n a c e , the e n t i r e e n t h a l p y d e t e r ­
m i n a t i o n can be p e r f o r m e d wi thout e n t e r i n g the hood. (Uo.8Ptio.2)C>2 p e l l e t s 
have b e e n f a b r i c a t e d , a s have su i t ab l e t u n g s t e n c o n t a i n e r s . P r e p a r a t i o n s 
a r e be ing m a d e for loading and we ld ing shut t h e s e c a p s u l e s , fo l lowing which 
e n t h a l p y m e a s u r e m e n t s wi l l beg in . 

2. V a p o r P r e s s u r e o v e r UO2 at High T e m p e r a t u r e s 

F u e l v a p o r p r e s s u r e is an i m p o r t a n t input p a r a m e t e r for 
e q u a t i o n - o f - s t a t e c a l c u l a t i o n s in f a s t - r e a c t o r sa fe ty a n a l y s e s . The e x p e r i ­
m e n t a l da ta p r e s e n t l y a v a i l a b l e m u s t be e x t r a p o l a t e d ove r m a n y o r d e r s of 
m a g n i t u d e to ob t a in v a p o r - p r e s s u r e v a l u e s at the t e m p e r a t u r e s of i n t e r e s t . 
We a r e c a r r y i n g out s t u d i e s to p r o v i d e e x p e r i m e n t a l v a p o r p r e s s u r e da ta 
o v e r m o l t e n u r a n i u m oxide , thus p r o v i d i n g a b e t t e r b a s i s for e x t r a p o l a t i o n . 
The da ta a r e b e i n g ob t a ined by u s e of a t r a n s p i r a t i o n a p p a r a t u s d e s c r i b e d 
in A N L - 7 6 7 5 , p . 90. 

4 
L. Leibowitz, L. W. Mishler, D. F. Fischer, "Chemical Engineering Division Annual Report, 1969," 
ANL-7675, p. 89 (1970). 
R. A. Hein, P. N, Flagella, "Enthalpy Measurements of UO2 and Tungsten to 3260°K," GEMP-578 (19 
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Much of the initial experimentation has involved measurements 
to evaluate such factors as inert c a r r i e r - g a s flow ra t e s , choice of operating 
techniques, hot-zone geometry, and the effect of vaporization on sample 
stoichiometry. These studies have utilized uranium oxide microspheres 
with an initial o / u ratio of 2.00. The ca r r i e r gas employed has been argon 
(99.999%). o / u ratios are determined by ignition of the solid to U3O8; ura­
nium content of the condensate from the experiments is evaluated colori-
metrically. The results of these initial studies are presented in Table III-2. 
The data in the table include the highest t empera tu re -p re s su re m e a s u r e ­
ments yet reported for uranium oxide. 

TABLE II1-2. Total P re s su re of Uranium-Bearing 
Species over U02^ 

T e m p e r a t 
(°K) 

2615 

2860 

3175 

3390 

3390 

u r e In i t ia l 

o/u 
2.00 

2.00 

2.00 

2.00 

1.94 

To ta l P r e s s u r e 
(a tm) 

4.45 X 1 0 ' * 

6.55 X 1 0 " ' 

7.1 X 10"^ 

0.18 

0.15 

C o n d e n s e d 
P h a s e 

so l id 

so l id 

l iqu id 

l iquid 

l iqu id 

^Argon was u s e d a s c a r r i e r g a s . 

It was found that t h e r e was s o m e r e d u c t i o n in the o / u r a t i o of 
the t r a n s p i r a t i o n s a m p l e r e m a i n i n g a f t e r e a c h e x p e r i m e n t . T h i s w a s m o r e 
p ronounced at the h igher t e m p e r a t u r e s . H o w e v e r , it i s no t ye t c l e a r 
whe ther th is v a r i a t i o n h a s a s ign i f i can t effect on the t o t a l p r e s s u r e . Th i s 
phenomenon wil l be s tud ied l a t e r us ing a bu f f e r ed c a r r i e r g a s (p robab ly 
H2O-H2 m i x t u r e s ) . 

The data obta ined for so l id UO2 ( p r e s e n t e d in T a b l e 1II-2) a r e 
in exce l len t a g r e e m e n t with the l i t e r a t u r e d a t a , e . g . , t h o s e of T e t e n b a u m 
and Hunt. T h e r e a r e no o the r p r e s s u r e da ta o v e r the l i qu id a v a i l a b l e for 
c o m p a r i s o n . Howeve r , one can m a k e an e x t r a p o l a t i o n for the l iqu id b a s e d 
on the data of T e t e n b a u m and Hunt for the so l id , r e c e n t da ta for t he h e a t of 
fusion of UO2 (see Sect ion I I I .B . l . b of t h i s r e p o r t ) , and the a s s u m p t i o n of a 
l i n e a r p r e s s u r e v s . I / T r e l a t i o n s h i p . F i g u r e I I I -3 shows the e x t r a p o l a t e d 
l iquid p r e s s u r e p lot , T e t e n b a u m and H u n t ' s p r e s s u r e s for the so l id , and 
our e x p e r i m e n t a l da ta . The a g r e e m e n t i s qui te good. 

''M. Tetenbaum, P, D, Hunt, J. Nucl. Mater. 34, 86 (1970). 
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TETENBAUM ft HUNT 

^. EXTRAPOLATION FOR LIQUID UOj 

\ O THIS INVESTIGATION 

Fig. III-3 
Total Pressure of Uranium-Bearing 
Species over Near-Stoichiometric 
Uranium Oxide as Function of Tem­
perature. ANL Neg. No. 308-2419. 

3. M a t r i x I so l a t i on S p e c t r o s c o p y of UO2 

The t h e r m o d y n a m i c p r o p e r t i e s of the v a p o r s p e c i e s of fuel 
ox ides a r e i m p o r t a n t in d e t e r m i n i n g e q u a t i o n - o f - s t a t e r e l a t i o n s h i p s u s e d 
in p r o j e c t i n g the r e s u l t s of c e r t a i n f a s t - b r e e d e r r e a c t o r d e s i g n - b a s i s a c ­
c i d e n t s . App l i ca t i on of s t a t i s t i c a l m e c h a n i c a l t e c h n i q u e s to s p e c t r o s c o p i c 
da ta for t h e s e s p e c i e s i s a usefu l way of d e t e f m i n i n g t h e i r t h e r m o d y n a m i c 
p r o p e r t i e s a t t e m p e r a t u r e s beyond the r a n g e of d i r e c t e x p e r i m e n t a l m e a s ­
u r e m e n t s . The m a t r i x i s o l a t i o n method , by t r a p p i n g m o l e c u l e s in f r o z e n 
i n e r t gas l a t t i c e s , a l l ows l o w - t e m p e r a t u r e p s e u d o - g a s - p h a s e s t u d i e s to be 
c a r r i e d out on m o l e c u l e s n o r m a l l y p r e s e n t in l a r g e g a s - p h a s e c o n c e n t r a ­
t i ons only at v e r y high t e m p e r a t u r e s . B e c a u s e the popu la t ion of e x c i t e d 
r o t a t i o n a l q u a n t u m l e v e l s i s e l i m i n a t e d unde r t h e s e l o w - t e m p e r a t u r e con ­
d i t i ons , i n t e r p r e t a t i o n of the s imp l i f i ed i n f r a r e d and v i s i b l e s p e c t r a i s 
g r e a t l y f a c i l i t a t e d . 

Dur ing the p a s t y e a r , c o n s t r u c t i o n and t e s t i n g of the e x p e r i ­
m e n t a l a p p a r a t u s have b e e n c o m p l e t e d . A so l id fuel s a m p l e of spec i f i c 
O / M r a t i o i s h e a t e d in the a p p a r a t u s by p a s s i n g c u r r e n t t h rough a s m a l l 
K n u d s e n ce l l . The m o l e c u l a r b e a m thus p r o d u c e d , t o g e t h e r with a s t r e a m 
of i n e r t g a s , i m p i n g e s on an i n f r a r e d - t r a n s m i t t i n g window in a v a r i a b l e -
t e m p e r a t u r e , l i q u i d - h e l i u m c r y o s t a t . Th i s p r o v i d e s the m a t r i x for s tudy . 

One of the i m p o r t a n t p a r a m e t e r s in de te rnn in ing the t h e r m o d y ­
n a m i c p r o p e r t i e s of g a s e o u s UO2 i s the O - U - O bond ang le . It can be d e t e r ­
m i n e d in p r i n c i p l e by c o m p a r i s o n of the a s y m m e t r i c s t r e t c h i n g f r e q u e n c i e s 
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of i so top ica l ly subs t i tu t ed m o l e c u l e s , u s i n g O ' ' i n s t e a d of O ' ' . F o r m o l e ­
cules containing heavy c e n t r a l a t o m s , h o w e v e r , the b o n d - a n g l e effect i s 
sma l l and difficult to m e a s u r e a c c u r a t e l y . The C h e m i c a l E n g i n e e r i n g 
Division has ava i l ab le a F o u r i e r t r a n s f o r m i n f r a r e d s y s t e m which h a s 
much g r e a t e r s ens i t i v i t y and p r e c i s i o n and i s m u c h f a s t e r in m a k i n g m e a s ­
u r e m e n t s than a r e conven t iona l d i s p e r s i v e i n f r a r e d s p e c t r o m e t e r s . I t s u s e 
will g rea t ly fac i l i t a te p e r f o r m i n g m e a s u r e m e n t s to the r e q u i r e d a c c u r a c y 
when the s p e c t r o s c o p i c s tud ies of the ox ides of u r a n i u m beg in in the i m m e ­
diate fu ture . 

4. Speed of Sound in Mol ten Sod ium and UO2 

E x p e r i m e n t s a r e in p r o g r e s s to m e a s u r e the s p e e d of sound in 
mol ten r e a c t o r m a t e r i a l s . In i t ia l e f for t s a r e be ing d i r e c t e d to sod ium. 

C o m p r e s s i b i l i t y da ta for m o l t e n 
fuel m a t e r i a l s and coo lan t for u s e 
in con junc t ion with the G r u n e i s e n 
equa t ion of s t a t e wil l be a v a i l a b l e 
f r o m t h e s e m e a s u r e m e n t s . T h e s e 
s p e e d - o f - s o u n d da ta wi l l a l s o be 
of va lue in a s s e s s i n g shock p r o p a ­
ga t ion th rough m o l t e n fuel and 
coolant , a s we l l a s in a n a l y z i n g 
t w o - p h a s e flow of coolan t . 

M e a s u r e m e n t s of the speed 
of sound in s o d i u m w e r e m a d e f r o m 
182 to 1001°C by the p u l s e - e c h o 
t echn ique . The da ta a r e p r e s e n t e d 
in F i g . I I I -4 . Mul t ip le e c h o e s w e r e 
r e a d i l y d e t e c t a b l e in t h e s e e x p e r i ­
m e n t s , and each d a t u m poin t given 
r e p r e s e n t s the a v e r a g e of two to 
four e c h o e s which gave c l o s e l y 
a g r e e i n g v a l u e s . The data can be 
r e p r e s e n t e d by the equa t ion 
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Fig, 1II-4, Speed of Sound in Liquid Sodium as 
Function of Temperature. ANLNeg. 
No. 308-2326. 

V = 2 5 7 7 , 3 - 0 . 5 3 6 0 7 t (4) 

w h e r e t h e v e l o c i t y , V , i s i n 

, . m e t e r s / s e c a n d t h e t e m p e r a t u r e , 
nnno '^ d e g r e e s c e n t i g r a d e . M o d e r a t e e x t r a p o l a t i o n s t o t e m p e r a t u r e s a b o v e 

lUOO C s h o u l d b e r e a s o n a b l y s a t i s f a c t o r y . T h e e s t i m a t e of t h e s t a n d a r d 
d e v i a t i o n f o r t h i s e q u a t i o n i s 3 .92 m e t e r s / s e c . E q u a t i o n 4 m a y b e c o m p a r e d 
w i t h t h a t g i v e n b y T r e l i n e t a l . ' ' 

(1966V En^^lsh; ^ " ' ' ' ' " * " " " • ^^ ^^ Tsyganova, Teplofizika Vysokikh Temperatur4. 364 

N Va u ' V V V R ' T ; ^ % ^ ^ ^ ^ - i ' ''' ''''''• ° " ^ previously reported by TreUnlYu.S.-Trelin, 
Energy 9 9 5 l ' n q 6 m i " ' ' ' ^ '"""^V^ Energiva 9. 410 (I960). EngUsh translation: Soviet Atomic 
energy a, 855 (I960)] are in error by 2-2.970. 
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V = 2585.6 - 0.542t (5) 

Values for the speed of sound in sodium at 250°C given by Pochapsky,^ 
Trelin et al., ' ' and the present work are , respectively, 2446, 2450, and 
2443 m e t e r s / s e c . This agreement is considered satisfactory. 

At present , it is planned to fabricate a new cell of slightly 
modified design from Ta-10% W alloy, which will allow extension of these 
measurements to higher temperatures (~1500°C). 

5. Theoretical Calculations of Measured Physical Proper ty Data 
to High Temperatures 

A variational calculational method, based on thermodynamic 
considerations and mass constraints, has been used to determine the 
effects of burnup, void volume, and fuel starting composition on the phase 
composition and p re s su re of an oxide fuel-fission product system at 3500°K. 
The predicted vapor p re s su re is important in contributing to the under­
standing of certain design-basis accidents; knowledge of the phase composi­
tion of the system is necessary for post-accident heat- removal analyses. 
The initial assumptions used in these connputations included tempera ture 
uniformity, immiscibil i ty of fission product and fuel condensed phases, and 
free access of vapor species to void and plenum regions. 

Programming modifications have recently been completed to 
account for the fact that fission-product oxides will be present in the fuel 
lattice ra ther than as separate phases. Similarly, the possibility of alloy 
formation between metallic fission-product species has been introduced. 
Ideal solution theory has been assumed. The decreased activities of the 
condensed fission-product species are expected to alter the calculated 
qualities significantly. In the future, attempts will also be made to consider 
the effects of coolant and cladding mater ia ls for the complete meltdown 
design-basis accident. 

6. T h e r m a l Diffusivi ty of R e a c t o r M a t e r i a l s 

V a l u e s of the t h e r m a l diffusivi ty of UO2 in the l iqu id s t a t e a r e 
of i m p o r t a n c e to the r e a c t o r sa fe ty p r o g r a m . Th i s i n f o r m a t i o n i s n e e d e d to 
e v a l u a t e m e a n s of s a f e ly coo l ing the c o r e of an L M F B R in t he even t of a 
nnel tdown i n c i d e n t . R e l i a b l e e x p e r i m e n t a l v a l u e s of t h e r m a l di f fus ivi ty and 
t h e r m a l c o n d u c t i v i t y a r e a v a i l a b l e for so l id UO2 up to about 2300°K. T h e r e 
h a s b e e n s p e c u l a t i o n tha t t he t h e r m a l conduc t iv i t y of UO2 wi l l i n c r e a s e above 
2300°K and tha t a c o n t r i b u t i n g f a c t o r to such an i n c r e a s e would be i n c r e a s e d 
e l e c t r o n i c conduc t iv i t y . T h e r e i s a l s o c o n s i d e r a b l e u n c e r t a i n t y about r a d i a ­
t ive h e a t t r a n s f e r in UO2. It i s hoped tha t the p r e s e n t r e s e a r c h wi l l r e s o l v e 
t h e s e u n c e r t a i n t i e s . 

^T. E. Pochapsky. Phys. Rev. 84, 553 (1951). 
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We have s e l e c t e d a m e t h o d of d e t e r m i n i n g t h e r m a l d i f fus iv i ty 
which was f i r s t p r o p o s e d by C o w a n . ' In t h i s nnethod, t h e r m a l d i f fus iv i ty i s 
d e t e r m i n e d f r o m the p h a s e change in a t h e r m a l wave p a s s i n g t h r o u g h a 
s amp le . This wave i s p r o d u c e d by h e a t i n g the s a m p l e wi th a s i n u s o i d a l l y 
modula ted e l e c t r o n b e a m . S e v e r a l e x p e r i m e n t a l v a r i a t i o n s u s i n g t h i s 
approach have b e e n deve loped and app l i ed to m e t a l s up to 3200°K and to 
oxides up to 2000°K. '° 

We p lan to obta in t h e r m a l - d i f f u s i v i t y da ta for l iqu id UO2 b e ­
tween i t s me l t i ng point and about 3500°K and for so l id UO2 f r o m 2300°K to 
the me l t ing point . B e c a u s e t u n g s t e n wi l l be u s e d a s the c o n t a i n e r m a t e r i a l , 
va lues of t h e r m a l diffusivi ty wi l l be ob ta ined for t u n g s t e n and c h e c k e d 
aga ins t the l i t e r a t u r e v a l u e s in the r a n g e of 2800°K to 3200°K, and add i t iona l 
va lues will be sought up to 3500°K. 

These e x p e r i m e n t s wi l l be p e r f o r m e d in a d u a l - g u n e l e c t r o n 
b e a m furnace , f o r m e r l y u s e d a s a h i g h - t e m p e r a t u r e t e n s i l e - t e s t f u r n a c e . 
Ex tens ive e l e c t r o n i c m o d i f i c a t i o n s to the s y s t e m , n e e d e d for t h e s e diffu­
s ivi ty m e a s u r e m e n t s , a r e c u r r e n t l y b e i n g m a d e . Ce l l d e s i g n and t e m p e r a ­
t u r e and p h a s e - s h i f t m e a s u r i n g p r o c e d u r e s a r e a l s o c u r r e n t l y u n d e r t e s t . 

7. R e a c t o r M a t e r i a l s - - F u e l P h a s e S tud ie s a t High T e m p e r a t u r e s 

Knowledge of the d i s t r i b u t i o n of f i s s i o n p r o d u c t s to the p h a s e s 
p roduced in the event of a m e l t d o w n of the c o r e of an L M F B R i s r e q u i r e d 
to p r e d i c t the f i s s i o n - p r o d u c t hea t d i s t r i b u t i o n a f t e r an i n c i d e n t and to 
a s s u r e that m e a n s a r e ava i l ab l e for cool ing the p r o d u c t s of the m e l t d o w n . 

One p h a s e of our e x p e r i m e n t a l p r o g r a m i s to d e t e r m i n e the 
d i s t r ibu t ion of f i s s i o n - p r o d u c t e l e m e n t s b e t w e e n m o l t e n UO2 and m o l t e n 
s t a i n l e s s s tee l . The f i s s ion p r o d u c t s to be s tud i ed (Nb, La , Mo, Z r , and 
Ru) a r e among those that c o n t r i b u t e to the m a j o r p o r t i o n of the h e a t p r o ­
duced soon af ter shutdown of a f a s t r e a c t o r and tha t have p r o p e r t i e s su i t ­
able for the e x p e r i m e n t a l m e t h o d u sed . 

We have p e r f o r m e d e x p e r i m e n t s in an a r c - m e l t i n g f u r n a c e to 
d e t e r m i n e how z i r c o n i u m d i s t r i b u t e s b e t w e e n l iquid p h a s e s of UO2 and i ron . 
Meta l lograph ic e x a m i n a t i o n of c r o s s s e c t i o n s of the r e s u l t a n t u r a n i u m oxide-
i ron but tons ind ica ted tha t t h e r e w a s a c l e a n s e p a r a t i o n of the oxide and 
m e t a l p h a s e s . C h e m i c a l and e l e c t r o n m i c r o p r o b e a n a l y s e s i n d i c a t e tha t the 
z i r c o n i u m would be d i s t r i b u t e d to the oxide p h a s e in the even t of a c o r e 
mel tdown i n c i d e n t - - a s one would p r e d i c t t h e r m o d y n a m i c a l l y . 

R. D, Cowan, "Proposed Method of Measuring Thermal Diffusivity at High Temperatures," LA-2460, 
^̂ Los Alamos Scientific Laboratory (I960); also, J, Appl. Phys. 32, 1363 (1961). 

J. B. Ainscough, M. J. Wheeler. Brit. J. Appl. Phys., Ser. 2, 1. 859 (1968); O. A, Kraev. A, A. Stel'makh, 
High Temp. 1_, 5 (1963); M, Serizawa et al., Proc. of Eighth Conf. on Thermal Conductivity (1968), p. 549, 
Plenum Press, N. Y. (1969); M. J. Wheeler, Brit. J. Appl. Phys. 16, 365 (1965). 
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The distribution of fission-product (F.P.) elennents between 
liquid UO2-concrete and molten steel is under study because of the possible 
interaction of molten fuel components with the concrete which will lie below 
the core of a reactor such as F F T F . Molten UO2 coming into contact with 
the concrete will cause it to melt. The liquidus point of a typical concrete 
mixture to be used in F F T F construction will be about 1400°C. Dissolution 
of Si02, CaO, and AI2O3 can further lower the liquidus to about llOO'^C. At 
some point, the density of the magma will become less than that of the 
molten s tee l - - then the liquid phase of UO2-PUO2-F.P. and concrete con­
stituents will r i se to the surface and the molten steel will sink to the bot­
tom. A knowledge of the distribution of fission products between the steel 
and UO2-concrete phases becomes important if one is to be able to est imate 
the heat distribution to the phases. 

An effort was made to find a container mater ia l for this oxide-
metal mixture. Experiments with a tantalum carbide crucible in the a r c -
melting furnace for a short duration showed little reaction with iron. A 
pre l iminary experiment with the concrete-UO2-iron mixture plus sonne in­
active fission-product oxides, contained in a zircon crucible welded into a 
tantalum capsule, has been performed in a res is tance-heated furnace, and 
it appears that this method of investigation may be satisfactory. 

C. Calor imetry 

The ca lor imetr ic program is directed toward the experimental, em­
pir ical , or theoret ical determination of thermodynamic proper t ies of sub­
stances that a re of in teres t in high-temperature chemistry and nuclear 
technology. Measurements are being made of standard enthalpies of for­
mation (AHf298) of the substances. Complementary experimental determina­
tions of h igh- temperature increments (AH2|- - AH298) are reported elsewhere 
in this report . Complementary low-temperature thermal measurements of 
Cp, AH? , and S° a re being performed in the Chemistry Division and 
elsewhere. 

The method of fluorine bomb calor imetry was developed for meas ­
urements on substances not amenable to more conventional ca lor imet r ic 
techniques and has now been used to determine the enthalpies of formation 
of 35 elemental fluorides and 21 other compounds. The more conventional 
oxygen bomb ca lor imetry has been used for studies of fifteen reactions and 
solution ca lor imetry for measurements of nine aqueous react ions. 

Attempts at the determination of thermodynamic proper t ies by em­
pir ica l calculations (e.g., the correlat ion and estimation of enthalpies of 
formation for the r a r e earth tr if luorides: ANL-7450, p. 64) and by theoret ­
ical calculations (e.g., extended Hiickel molecular-orbi ta l calculations for 
the chalcogen hexafluorides: ANL-7450, p. 66) now include ab initio calcu­
lations based on the Hart ree-Fock-Roothaan approach for the binary fluo­
r ides of the chalcogens (OF, SF, and SeF) and the pnictogens (NF and PF) 
and their ions. 
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1. Thermochemistry of Plutonium Compounds: Enthalpy of 
Formation of Plutonium Sesquicarbide 

As part of the continuing program to provide accurate thermo­
chemical data for plutonium compounds, the standard enthalpy of formation 
of plutonium sesquicarbide was determined by oxygen bomb calor imetry. 
The elucidation of the basic thermodynamic proper t ies of plutonium car­
bides is important because of the interest in them as f a s t -b reede r - reac to r 
fuels. 

The sample of plutonium sesquicarbide used was prepared by 
J. A. Leary (Los Alamos Scientific Laboratory) by arc melting an appro­
priate mixture of plutonium and graphite. The combustion technique used 
was similar to that described previously for plutonium monocarbide, ' except 
that several grams of plutonium metal were added to the sample in each 
experiment to serve as a combustion aid. Even with the addition of the plu­
tonium metal, the combustions were not entirely complete, and it was neces­
sary to make an empirical correction for the carbon residue. Based on four 
combustions, the energy of combustion of plutonium sesquicarbide was deter­
mined to be -1442.1 ± 0.7 cal g"'. This resul t was used to derive a prel imi­
nary value for the standard enthalpy of formation of plutonium sesquicarbide, 
AHfl,8(PuCi.466.c), of -19.4 ± 0.7 kcal mol"'. 

2. T h e r m o c h e m i s t r y of H y d r o g e n F l u o r i d e 

The t h e r m o c h e m i s t r y of h y d r o g e n f l u o r i d e in i t s v a r i o u s s t a t e s 
(gas, liquid, aqueous solut ion) i s of f u n d a m e n t a l i n t e r e s t , not only b e c a u s e 
HF is a c o m m o n and useful chennica l in i t s own r igh t , bu t b e c a u s e it i s in­
volved, e i the r as r e a c t a n t or p r o d u c t , in a l a r g e n u m b e r of t h e r m o c h e m i c a l 
i nves t iga t ions . T h e r e f o r e , to m i n i m i z e the e r r o r s in the r e s u l t s ob ta ined 
f rom c a l o r i m e t r i c s tud ies involving H F , it i s i m p e r a t i v e to know AHf°(HF) as 
a c c u r a t e l y a s p o s s i b l e . The p r e s e n t l y a c c e p t e d v a l u e s for the e n t h a l p i e s of 
fo rma t ion of HF(.K) and HF(aq) a r e ob ta ined f r o m AHf°(HF,g) by u s i n g the en­
tha lp ies of v a p o r i z a t i o n of HF(.^) and the e n t h a l p y of so lu t i on of HF(g) , r e ­
spect ive ly . Thus , the t h e r m o d y n a m i c p r o p e r t i e s of a l l the s t a t e s a r e 
dependent on HF(g) . This i s un fo r tuna t e a s HF(g) i s a h igh ly a s s o c i a t e d gas 
and the c o r r e c t i o n s to s t a n d a r d s t a t e s a r e both l a r g e and u n c e r t a i n . 

To e luc ida te the t h e r m o c h e m i s t r y of a q u e o u s H F by a r o u t e 
which e l i m i n a t e s the u n c e r t a i n t i e s a s s o c i a t e d wi th H F g a s , we m e a s u r e d 
(1) the enthalpy of f o r m a t i o n of l iquid H F d i r e c t l y f r o m g a s e o u s h y d r o g e n 
and f luor ine , (2) en tha lp i e s of so lu t ion of l iqu id H F in w a t e r to f o r m aqueous 
HF of v a r i o u s c o n c e n t r a t i o n s f r o m H F - 2 H 2 0 to HF-5500H2O, and (3) the 

G, K, Johnson, E. H. Van Deventer, 0, L. Kruger, W. N. Hubbard, J. Chem. Thermodyn. £, 617 (1970). 
D. D, Wagman, W. H. Evans, V, B, Parker, I. Halow, S. M. Bailey, R. H. Schumm, NBS Technical 
Note 270-3 (1968). 
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enthalpy of neutralization of liquid HF by dilute aqueous NaOH, from which 
may be derived the enthalpy of formation of HF at infinite dilution and the 
enthalpy of formation of the fluoride ion. 

a. Enthalpy of Formation of Liquid Hydrogen Fluoride 

The enthalpy of formation of liquid hydrogen fluoride was 
determined by measuring the energy released by the reaction of fluorine 
with hydrogen in a two-compartment calor imetr ic combustion bomb. ' The 
combustion compartment of the nickel bomb was gold-plated to protect it 
from corrosion by HF. However, the gold plating was slightly reactive 
with fluorine, and an empir ical correction for the thermal effect of the r e ­
action had to be made. Empirical corrections were also made for the 
vaporization of the liquid HF to saturate the bomb and for the energy of 
mixing of gaseous HF and F2. F r o m these measurements , the standard 
enthalpy of formation of liquid HF, AHf|98(HF,i), was calculated to be 
-72.57 ± 0.09 kcal mol"', which is 0.9 kcal mol"' more negative than the 
previously accepted value of -71.65 kcal mol" ' . ' This datum supersedes 
the pre l iminary datum presented earl ier . ' ' 

b . The E n t h a l p y of Solut ion and N e u t r a l i z a t i o n of L i q u i d 
H y d r o g e n F l u o r i d e 

The d e t e r m i n a t i o n of the en tha lpy of so lu t ion of l iqu id H F 
in w a t e r a c c o r d i n g to the r e a c t i o n 

H F ( i ) + nH20( i ) - H F - n H 2 0 ( i ) 

w a s d i s c u s s e d previously.•* The da ta p r e s e n t e d at t ha t t i m e have s ince b e e n 
found to be in e r r o r due to a s m a l l l e a k a g e of H F v a p o r t h r o u g h the windows 
( 3 - m i l K e l - F f i lm) of the a m p o u l e s u s e d to con ta in the H F ( i ) . T h i s w o r k 
h a s b e e n r e p e a t e d with 5 - m i l K e l - F windows , which a r e i m p e r v i o u s to H F 
at roonn t e m p e r a t u r e . 

P r e v i o u s l y * an a t t e m p t w a s nnade to e x t e n d the e n t h a l p y of 
so lu t i on m e a s u r e m e n t s to inf ini te d i lu t ion b a s e d on e q u i l i b r i u m c o n s t a n t s 
and e n t h a l p i e s for the e q u i l i b r i a 

H F + F " ^ HF2 

p r e s e n t in a q u e o u s s o l u t i o n s of h y d r o g e n f l u o r i d e . A b e t t e r m e t h o d to ob t a in 
the s t a n d a r d e n t h a l p y of so lu t ion i s t h r o u g h m e a s u r e m e n t s of the e n t h a l p y of 

^J. L. Settle, E. Greenberg, W. N. Hubbard, Rev. Sci. Instr. 38, 1805 (1967). 
*ANL-7650, pp. 29 and 34 (1969). 
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n e u t r a l i z a t i o n of H F ( i ) . Six n n e a s u r e m e n t s of the e n t h a l p y of n e u t r a l i z a t i o n 
of H F ( i ) in O.IN NaOH y ie lded an a v e r a g e va lue and s t a n d a r d d e v i a t i o n for 
AHneut °f -21 ,036 ± 5 ca l mo l " ' . T h i s r e s u l t , when c o m b i n e d wi th the en ­
thalpy of ion iza t ion of w a t e r , 13,345 ± 25 c a l nnol"', y i e l d s the s t a n d a r d en­
thalpy of so lu t ion at 298°K, AH'=soin(HF,£) = -7961 ± 30 ca l m o l " ' . 

O the r q u a n t i t i e s which a r e d e r i v a b l e f r o m the w o r k inc lude 
the s t a n d a r d en tha lpy of f o r m a t i o n of the f l u o r i d e ion, AHf°(F" ,aq) = - 8 0 . 3 5 ± 
0.09 kca l mol" ' , which i s equa l to AHf°(HF-a'H20) u s i n g the u s u a l conven t ion 
in that AHf°(H'''-a'H2) = 0, and the e n t h a l p y of f o r m a t i o n of N a F ( c ) of - 1 3 7 . 9 5 ± 
0.10 kca l mol" ' . The l a t t e r q u a n t i t y i s ob ta ined f r o m the n e u t r a l i z a t i o n data 
us ing va lues of AHf°(NaOH,aq) = -112 .439 ± 0.015 k c a l m o l " ' (Ref. 5) and 
AH°goin(NaF,c) = 218 ± 10 ca l m o l " ' (Ref. 6). 

3. E n t h a l p i e s of F o r m a t i o n of D i s o d i u m and M o n o s o d i u m A c e t y l i d e s 

The t h e r m o d y n a m i c and c h e m i c a l p r o p e r t i e s of d i s o d i u m a c e t y ­
l ide, Na2C2. a r e c u r r e n t l y of c o n s i d e r a b l e i n t e r e s t b e c a u s e t h i s m a t e r i a l i s 
thought to have a r o l e in the t r a n s p o r t of c a r b o n in l i q u i d - s o d i u m r e a c t o r 
coolants . T h e r e f o r e , an i n v e s t i g a t i o n was u n d e r t a k e n to d e t e r m i n e the 
s t a n d a r d en tha lpy of f o r m a t i o n , AHf298(Na2C2.c), f r o m m e a s u r e m e n t s of the 
enthalpy of r e a c t i o n of Na2C2 with w a t e r . The e n t h a l p y of f o r m a t i o n of 
nnonosodium ace ty l i de , NaHC2, was a l s o d e t e r m i n e d b y the s a m e t echn ique 
b e c a u s e i t s c h e m i s t r y i s c l o s e l y r e l a t e d to tha t of Na2C2. 

The en tha lp i e s of r e a c t i o n of the Na2C2 and NaHC2 s a m p l e s with 
wa t e r w e r e d e t e r m i n e d to be - 5 4 8 . 4 5 ± 1.09 and - 2 6 9 . 0 3 ± 0.95 ca l g"', r e ­
spec t ive ly . F r o m t h e s e r e s u l t s , the s t a n d a r d e n t h a l p i e s of f o r m a t i o n , 4.77 ± 
0.40 kca l mo l" ' and 23.10 ± 0.27 k c a l m o l " ' , w e r e c a l c u l a t e d for Na2C2 and 
NaHCj, r e s p e c t i v e l y . 

The en tha lpy of f o r m a t i o n of Na2C2 at 2 5'^C, in i tself , does not 
p r e d i c t the s t ab i l i ty of Na2C2 at r e a c t o r t e m p e r a t u r e s ; h o w e v e r , e s t i m a t e s 
of the ent ropy, Sj(Na2C2), and en tha lpy func t ions , ( H j - H298). would ind ica te 
that the f ree e n e r g y of f o r m a t i o n f r o m e i t h e r so l id o r l iqu id sod ium, AGf, is 
pos i t ive for a l l t e m p e r a t u r e s above 25°C, and t hus the s u b s t a n c e i s t h e r m o ­
dynamica l ly uns t ab le r e l a t i v e to f r e e s o d i u m and g r a p h i t e . Unt i l e x p e r i ­
m e n t a l m e a s u r e m e n t s of the e n t r o p y and e n t h a l p y func t ions b e c o m e ava i l ab l e , 
the e s t i m a t e s on which t h e s e c o n c l u s i o n s a r e b a s e d m u s t be v i ewed a s highly 
unce r t a in . It i s a l so l ike ly tha t the f o r m a t i o n of NazCj would be e n h a n c e d by 
a m o r p h o u s ca rbon in a h ighly ac t ive s t a t e , which i s p r o b a b l y the c a s e in a 
r e a c t o r . 

S, R. Gunn, J. Phys. Chem, 71, 1386 (1967), 
V. B. Parker, "Thermal Properties of Aqueous Uni-univalent Electrolytes," NSRDS-NBS 2 (April, 1965). 
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4- The T h e r m o c h e m i s t r y of Na3U04 and Na20 

It h a s b e e n d e m o n s t r a t e d tha t Na3U04 is the c o m p o u n d l i ke ly to 
b e in e q u i l i b r i u m with s o d i u m and u r a n i u m dioxide in the p r e s e n c e of e x c e s s 
oxygen ( s e e Sec t ion I I I .A.2) . B e c a u s e t h e r e a p p a r e n t l y e x i s t no t h e r m o d y ­
n a m i c da t a for t h i s compound , and b e c a u s e of i t s r e l a t i o n to s o d i u m - c o o l e d 
oxide fuel r e a c t o r s , the d e t e r m i n a t i o n of the e n t h a l p y of f o r m a t i o n of Na3U04 
h a s b e e n added to the p r o g r a m of the g roup . P r e l i m i n a r y m e a s u r e m e n t s by 
so lu t ion c a l o r i m e t r y a r e u n d e r way, and a c a l o r i m e t r i c - g r a d e s a m p l e i s 
b e i n g p r e p a r e d b y the High T e m p e r a t u r e M a t e r i a l s Group . 

B e c a u s e the en tha lpy of f o r m a t i o n of N a 2 0 i s a n e c e s s a r y a u x i l ­
i a r y d a t u m for the s tudy of Na3U04 and the l i t e r a t u r e v a l u e s a r e d i s c o r d a n t , 
the d e t e r m i n a t i o n of the en tha lpy of f o r m a t i o n of Na20 h a s a l s o b e e n p l a c e d 
on the p r o g r a m . 

5- E n t h a l p y of F o r m a t i o n of M o l y b d e n u m Disulf ide 

The c a l o r i m e t r i c i n v e s t i g a t i o n of M0S2. d e s c r i b e d b r i e f l y 
e a r l i e r , ' * h a s b e e n conc luded , A p a p e r d e s c r i b i n g the work , t i t l e d "A 
F l u o r i n e B o m b C a l o r i m e t r i c Study of M o l y b d e n u m Disul f ide , The S t a n d a r d 
E n t h a l p i e s of F o r m a t i o n of the Di- and S e s q u i c a r b i d e s of M o l y b d e n u m , " h a s 
b e e n p u b l i s h e d . The a b s t r a c t of the p a p e r i s a s fo l lows: 

The e n e r g y of the r e a c t i o n b e t w e e n f l uo r ine and a w e l l -
c h a r a c t e r i z e d sannple of n a t u r a l m o l y b d e n i t e (M0S2) to give g a s e ­
ous M o F ^ and SF^, was m e a s u r e d in a f l uo r ine b o m b c a l o r i n n e t e r . 
The c o r r e s p o n d i n g s t a n d a r d e n t h a l p y of f o r m a t i o n at 298 .15 K, 
AHj(MoS2, c, 298 .15 K), i s - (65 .8 ± 1.2) kca l m o l " ' , in r e a s o n a b l e 
a g r e e m e n t with s e v e r a l m o d e r n h i g h - t e m p e r a t u r e s t u d i e s . A 
s u r v e y of t h e r m o c h e m i c a l da ta in the l i t e r a t u r e l e a d s to a con­
s e n s u s va lue of -(97 ± 3) k c a l m o l " ' for AHJ(Mo2S3, c, 298 .15 K). 

6. E n t h a l p y of F o r m a t i o n of Xenon H e x a f l u o r i d e 

An i n v e s t i g a t i o n to de te rnn ine the e n t h a l p y of f o r m a t i o n of xenon 
h e x a f l u o r i d e h a s b e e n u n d e r t a k e n . V a l u e s found in the l i t e r a t u r e for the 
e n e r g y of the X e - F bond in XeFj, , b a s e d on c a l o r i m e t r i c ' " ' and e q u i l i b r i u m ' " 
r e s u l t s , a r e d i s c o r d a n t , v a r y i n g b e t w e e n -70 .4 and - 1 2 6 ' k c a l m o l " ' , d e ­
p e n d i n g on the a u x i l i a r y da ta u sed . 

''p. A. G. O'Hare, E. Benn, F. Y. Cheng, G. Kuzmycz, J. Chem. Thermodyn. 2, 797-804 (1970). 
^L. Stein, P. Pluriem, Noble-Gas Compounds, p, 144, The Univ. of Chicago Press (1963). 
^C, C. Selph, thesis, Georgia Inst, of Tech. (1970). 

1°B. Weinstock, E. E. Weaver, C. P, Knop, Inorg. Chem. 5̂ , 2189 (1966). 



70 

A s a m p l e of XeFj, h a s b e e n p r e p a r e d ' ' and wil l be r e a c t e d with 
PF3(g) a c c o r d i n g to 

X e F j c ) + 3PF3(g) - Xe(g) + 3PF5(g) 

This r e a c t i o n p r o c e e d s s p o n t a n e o u s l y and wi l l n e c e s s i t a t e the u s e of a two-
c h a m b e r e d r e a c t i o n v e s s e l . The n e c e s s a r y a u x i l i a r y da ta for the r e a c t i o n 

PF3(g) + F2(g) - PF5(g) 

have a l r e a d y been de t e rmined* m t h i s l a b o r a t o r y , 

7, Quantuim C h e m i c a l I n v e s t i g a t i o n s of S e l e c t e d N o n m e t a l 
Monof luor ides 

As p a r t of a con t inu ing effor t to (a) r a t i o n a l i z e p r e v i o u s l y ob­
s e r v e d " ' ' * bond e n e r g y t r e n d s and (b) e s t a b l i s h a s c h e m e to p r e d i c t r e l i a b l e 
t h e r m o d y n a m i c da ta for f l u o r i n e - c o n t a i n i n g m o l e c u l e s , f r e e r a d i c a l s , and 
ions , we have b e e n invo lved for a c o n s i d e r a b l e p a r t of the p r e s e n t y e a r in the 
ca lcu la t ion of a c c u r a t e wave func t ions for g a s e o u s d i a t o m i c f l uo r ide m o l e ­
cu les and ions . Although th i s s tudy i s f a r f r o m c o m p l e t e , a s u b s t a n t i a l 
amount of useful and i n f o r m a t i v e data h a s b e e n ob ta ined . 

a. The C h a l c o g e n - F l u o r i n e S y s t e m s 

The r e s u l t s have b e e n d e s c r i b e d for the o x y g e n - f l u o r i n e 
s y s t e m ^ and the su l fur - and s e l e n i u m - f l u o r i n e s y s t e m s " ' " in r e c e n t pub l i ­
ca t ions . The p r o p e r t i e s r e p o r t e d in t h e s e p a p e r s a r e s u m m a r i z e d in 
Table I I I -3 . 

b . T h e P n i c t o g e n - F l u o r i n e S y s t e m 

W a v e f u n c t i o n s w e r e c o m p u t e d f o r t h e t h r e e l o w - l y i n g s t a t e s , 

v i z . , t h e ^Z g r o u n d s t a t e a n d t h e e x c i t e d ' 2 a n d 'A s t a t e s of N F . A m o n g t h e 

h i t h e r t o u n r e p o r t e d d a t a o b t a i n e d i n t h i s p a r t of t h e i n v e s t i g a t i o n a r e t h e 

e l e c t r o n a f f i n i t y of N F (^1) a n d t h e d i p o l e a n d q u a d r u p o l e m o m e n t s of t h e 

t h r e e l o w - l y i n g s t a t e s . T h e t o t a l H a r t r e e - F o c k e n e r g y f o r N F ( ^ S ) i s a p ­

p r o x i m a t e l y 13 e V m o r e s t a b l e t h a n t h a t o b t a i n e d i n a p r e v i o u s m o l e c u l a r 

By J. G. Malm of the Chemistry Division, ANL, 
^^E. Rudzitis, E, H. Van Deventer, W. N. Hubbard, J. Chem. Thermodyn. 2, 221 (1970). 

P. A. G. O'Hare, W. N. Hubbaid, H, M. Feder, lUPAC Thermodynamikiymposium, Heidelberg, Germany, 
Sept. 1967, paper No. 11-5. 

P, A, G. O'Hare, H, M. Feder, Amer. Chem. Soc. 152n(j National Meeting, New York, N. Y., Sept. 1966. 
Abstracts of papers No, V-163, 
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orbital study described by Sahni ." Derived dissociation energy and ioniza­
tion potential values are in excellent agreennent with resul ts from experi­
mental s tudies .""^ ' Based on thermochemical arguments, the NF" ion is 
predicted to be only marginally stable at room temperature . In harmony 
with the latter observation, the NF" ion has never been detected experimen­
tally. The various propert ies deduced for NF are summarized in Table III-3. 

TABLE III-3. Computed Properties of Diatomic Fluorides 

Molecule 

O F ( ' n ) 

SF( ' l l ) 

SeF(^n) 

NF( = Z") 

NF( ' i ;+) 

NF( 'A) 

PFCS;-) 

( e V ) 

- : o i 
4 . 2 i 0 . 2 

4 . 0 ± 0 .2 

3 .4 1 0 .2 

3 , 5 i O.S*" 

1.8 -: 0.5"^ 

4 . 5 + 0 . 3 

1 

( e V ) 

1 3 . 1 ± 0 . 5 

1 0 . 0 ± 0 4 

9 . 5 ± 0 4 

1 3 , 2 * 0 . 3 

9 7 ± 0 . 2 ' ' 

( e V ) 

1.4 ± 0 . 5 

2 , 5 • 0 . 5 

£ 2 . 8 ± 0 . 5 

0 . 6 1 0 . 3 

1.4 4 0 . 3 

y.(^f 

- 0 . 3 6 

- 1.40 

. 2 . 2 1 

- 0 , 4 1 

0 . 0 8 

- 0 . 1 7 

- 1. 17 

Q ( x 1 0 " " 
2 \ a 

e su c m ) 

0 . 1 3 

0 . 5 7 

- 1 .04 

- 0 . 7 5 

- 0 . 6 2 

- 0 . 6 8 

- 0 . 9 0 

Values of jd and Q have also been computed for the positive and negative 
ion of each molecule. 
Excitation energy for the process NF(^Z ) — NF( \L ). 

^Excitation energy for the process NF(^Z") - N F ( ' A ) . 
Adiabatic ionization potential is 9 5 ± 0.2 eV. 

Among the m o r e i n t e r e s t i n g a s p e c t s of the i n v e s t i g a t i o n of 
the p h o s p h o r u s - f l u o r i n e s y s t e m " was the c a l c u l a t i o n of both the v e r t i c a l and 
a d i a b a t i c i on i za t i on p o t e n t i a l s , I ( P F ) . The a d i a b a t i c ion, as one would a n t i c i ­
p a t e , w a s found to be about 0.25 eV m o r e s t ab le than the v e r t i c a l ion. R a t h e r 
u n e x p e c t e d l y , h o w e v e r , the v e r t i c a l ion iza t ion*potent ia l c a m e out to be a l ­
m o s t 4 eV lower than the value i m p l i c i t in Wada ' s m a s s s p e c t r o m e t r i c 
a p p e a r a n c e p o t e n t i a l m e a s u r e m e n t s . W a d a ' s data yie ld an ion i za t i on po ten ­
t i a l a l m o s t 100% l a r g e r than tha t for the ad jacen t S iF and SF and imply , 
i n t e r a l i a , tha t r e m o v a l of an ant ibonding e l e c t r o n f rom P F r e s u l t s in a 
w e a k e n i n g of the bond. Our c a l c u l a t e d ion iza t ion po t en t i a l i s m u c h m o r e 
p l a u s i b l e and is b e l i e v e d to be the m o s t r e l i a b l e va lue to da te . The d e s i r e d 
bonding e n e r g y , Do(PF), i s i den t i ca l to that^^ deduced f r o m a mod i f i ed B i r g e -
Spone r t r e a t m e n t of the s p e c t r o s c o p i c data^'' ( see Tab le I I I -3) . In c o n t r a s t 
with N F " , the P F " ion is p r e d i c t e d to be t h e r m o d y n a m i c a l l y qu i t e s t ab l e a t 
m o d e r a t e t e m p e r a t u r e s . 
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22Y. Wada, Ph,D, thesis, Kansas State University (1965), 
23p. A. G, O'Hare. USAEC report ANL-7459 (1968), 
24A. E, Douglas, M. Frackowiak, Can, ), Phys. 40, 832 (1962). 
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IV. ANALYTICAL AND REACTOR CHEMISTRY 

A. Chemistry of Irradiated Fast Reactor Fuels and Materials 

The study of the chemical behavior of i rradiated fast reactor fuels 
has as its principal objective the collection of chemical data that will aid 
in the understanding of the complex chemical processes that take place in 
these fuels during irradiation. The current effort is directed toward the 
study of irradiated uranium-plutonium mixed-oxide fuels, with emphasis 
on fuel-cladding interactions, fission-product distributions, uranium-
plutonium redistribution, and oxygen gradients. 

1. Distribution of Noble Fiss ion-Product Gas in Mixed-Oxide 
Fuels 

Pressure from fission gases retained in ceramic fuels during 
irradiation may contribute to the swelling of fuel during irradiation. Gen­
erally, measurements of fission gases have been made only on the amount 
released from the fuel matr ix during irradiation. This amount may vary 
from 30 to 80% of the total amount of gas calculated to be present, depend­
ing primarily on fuel density, power density, and thermal cycling. The 
distribution of the gas remaining in the fuel is thought to be a function of 
such parameters as temperature gradient and fuel porosity; that is, the 
central hotter regions would contain less gas per unit volume than the 
outer, cooler regions. However, because of greater porosity, small par­
ticle sizes, and cracking of the fuel in the cooler regions, gas may be r e ­
leased rapidly in local regions and, therefore, the data indicate wider 
scattering in gas concentration than in the inner regions. 

Experimental data on the radial distribution of fission gases 
retained in irradiated fuels is needed in the development of fuel-swelling 
models. A method has therefore been developed for determining the re la­
tive distribution of *^Kr in irradiated fuels as a function of radial position. 
The method utilizes laser -beam vaporization to re lease the krypton con­
tained in a small sample of fuel. The experimental procedure is as follows: 
(1) the laser is focused on a selected area of the fuel sample held within a 
vacuum chamber, (2) the chamber is evacuated and inactive krypton car r ie r 
gas is added to prevent adsorption of ^^Kr on the walls of the system, (3) the 
laser is fired, and (4) the released ^^Kr and c a r r i e r gas a re mixed and 
pumped cryogenically through a Millipore filter (to remove other fission-
product activity) to a sample tube for subsequent beta counting. The cra ters 
produced by volatilization of the fuel samples a re 60-80 fim in diameter . 
The volumes of the volatilized samples are determined from measurements 
of silicone rubber replicas of the specimen surface. 

Preliminary experimental work was done on a cross section of a 
vibratorily compacted (vibrapacked) fuel of UO2-2O wt % PUO2. The sample. 
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designated SOV-3, had an average density 83% of theoretical and had been 
i r radia ted to 3.7 at. % burnup at a maximum linear power rating of 21.4 kW/ 
ft. Laser samples were taken from three regions of the fuel: (1) the inner 
and outer columnar-grain region (the innermost region of the fuel, which 
attained the highest tempera ture during irradiation), (2) the equiaxed-grain 
region (an intermediate temperature zone), and (3) the unres t ructured r e ­
gion (the outermost , coolest region). The amount of ^^Kr in the columnar 
grains was greater than in the equiaxed region, and the largest amount was 
in the unres t ruc tured region. The ^^Kr contents of various regions of 
SOV-3 are given in Table IV-1 in units of cpm/):,im^ of fuel. It should be 
emphasized that these values represent concentrations relative to each 
other and are not absolute values for the *^Kr content. 

TABLE IV-1. Radial Distribution of ^^Kr in Irradiated 
UO2-2O wt % PUO2 Fuel (SOV-3) 

Fuel Region 

Void edge^ 
Inner columnar grains 
Middle columnar grains 
Outer columnar grains 
Equiaxed grains 
Unres t ruc tured region 
Inner cladding wall 

^Oxide fuels that have attained high burnups usually have a 
void space in the center of the fuel, which resul ts from 
densification during irradiation. 

A more detailed examination was made of the radial dis t r ibu­
tion of ^^Kr in a specimen of pellet fuel of 95% theoretical density, i r r a ­
diated to 6.5 at. % burnup at a maximum linear power rating of 16 kW/ft. 
This fuel sample ( F 2 R ) was obtained from the General Elec t r ic Laboratory 
at Vallecitos. The examination of F2R was made in three separate exper i ­
ments . The data are given in Fig. IV-1 , where cpm of ^^Kr//im^ of fuel is 
plotted as a function of radial position. 

The resul ts from SOV-3 and F2R show major differences in the 
relat ive distribution of *^Kr in the two types of fuel. However, the high-
density pellet fuel sample ( F 2 R ) that was i r radiated at a lower maximum 
linear power is of greater in teres t because it is more representat ive of 
LMFBR prototype fuels than the low-density, vibrapacked SOV-3 fuel. 
The data from F2R show good reproducibility in the columnar-grain r e ­
gion. The grea ter variation in the data for the unres t ructured region and 

Distance from 
Fuel Center 

(mm) 

1,10 
1.29 
1.95 
2.47 
2.76 
3.02 
3.175 

'^Kr 
(10^ c p m / / i m ^ ) 

_ 
9,34 

17.2 
10,7 

5.40 
38.2 

-
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Fig. IV-1. Radial Distribution of '̂̂ Kr in Irradi­
ated UO2-20 wt % Pu02 Fuel (F2R). 
ANL Neg. No. 308-2325 Rev. 1. 

e q u i a x e d - g r a i n r e g i o n m a y r e f l e c t 
the h e t e r o g e n e i t y of the gas d i s t r i ­
but ion on a m i c r o s c a l e o r it m a y b e 
a c o n s e q u e n c e of the m o r e open fuel 
s t r u c t u r e in th is r e g i o n , which would 
a l low gas c o m m u n i c a t i o n o v e r l a r g e r 
fuel v o l u m e s . The h igh k r y p t o n con­
c e n t r a t i o n at the hot void edge s u g ­
g e s t s that p o r e m i g r a t i o n t o w a r d the 
h o t t e r end of the t h e r m a l g r a d i e n t is 
o c c u r r i n g , wi th t r a p p e d bubb le s of 
gas a c c u m u l a t i n g at the void edge . 
P o r e m i g r a t i o n at the coo le r ends 
of the c o l u m n a r g r a i n s does not a p ­
p e a r to lower the gas c o n c e n t r a t i o n 
as e f fec t ive ly as in the m i d - c o l u m n a r 
g r a i n r eg ion ; m o r e o v e r , s u b s t a n t i a l 
a m o u n t s of f i s s ion gas r e m a i n in the 
o u t e r r e g i o n s of the fuel. 

2. E l e c t r o n M i c r o p r o b e 
A n a l y s i s of I r r a d i a t e d 
M i x e d - O x i d e F u e l s 

The e l e c t r o n p r o b e m i -
c r o a n a l y z e r , which a c c o m p l i s h e s 

m i c r o s a m p l i n g and m i c r o a n a l y s i s d i r e c t l y , is be ing used to p r o v i d e in fo r ­
ma t ion about fue l -c ladding i n t e r a c t i o n s , the d i s t r i b u t i o n of f i s s ion p r o d u c t s , 
and the fo rmat ion of m e t a l i nc lu s ions in i r r a d i a t e d fue ls . A d e t a i l e d ex­
amina t ion has been m a d e of m e t a l i n c l u s i o n s found in t r a n s v e r s e c r o s s 
sec t ions of the m i x e d - o x i d e fuels , HOV-15 and F2R. H O V - 1 5 , a v i b r a ­
packed UO2-2O wt % PUO2 fuel of 79.8% a v e r a g e dens i t y , was c lad with 
Has te l loy X and had b e e n i r r a d i a t e d in E B R - I I to a m a x i m u m b u r n u p of 
3.5 at . % at 21.4 kW/ft . A d e s c r i p t i o n of F 2 R was given in the p r e c e d i n g 
subsec t ion . 

In each fuel, m e t a l i n c l u s i o n s w e r e e x a m i n e d along s e v e r a l dif­
fe ren t r ad ia l s e c t o r s . Each r a d i a l s e c t o r ex tended along a l ine rough ly 
co r r e spond ing to a s ing le c o l u m n a r g r a i n , f rom the void edge to the t e r m i ­
nation of the co lumnar g r a i n and beyond to the c ladding wa l l . The m e t a l 
inc lus ions v a r i e d in s i ze f rom 3 to 10 fim and w e r e i r r e g u l a r in s h a p e . All 
inc lus ions found in the c o l u m n a r - g r a i n r e g i o n con ta ined the noble m e t a l 
f iss ion p roduc t s mo lybdenum, t e c h n e t i u m , r u t h e n i u m , r h o d i u m , and p a l l a ­
d ium, as well as i ron , which we b e l i e v e is t r a n s p o r t e d into the fuel f rom 
the cladding. The m e t a l i nc lus ions v a r i e d in c o m p o s i t i o n as a funct ion of 
r ad i a l posi t ion but all w e r e f ree of u r a n i u m and p lu ton ium. In H O V - 1 5 , a 
group of inc lus ions found nea r the c ladding con ta ined a m i x t u r e of c ladd ing 
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and f i s s i o n - p r o d u c t c o m p o n e n t s : i r o n , m o l y b d e n u m , p a l l a d i u m , n i c k e l , 
c o p p e r and cobal t . The da t a for one r a d i a l s e c t o r of HOV-15 a r e g iven in 
T a b l e IV-2 and t h o s e for one r a d i a l s e c t o r of F2R, in T a b l e I V - 3 . 

TABLE IV-2. Metal Inclusions in Irradiated UO,-20 wt % PuO, Fuel (HOV-15) 

R a d i a l 

D i s t a n c e 

( m m ) 

1.19 

1.26 

1.39 

1 .73 

1 . 9 4 

2 . 0 6 
2 . 2 4 

2 . 3 5 

2 . 4 8 

2 , 7 1 

2 . 7 6 
2 . 8 5 

2 . 8 7 

2 . 9 1 

3 . 1 7 

F e M o 

V o i d E d g e 

0 . 1 3 

0 . 1 5 

0 . 3 6 

0 . 4 6 

0 . 4 6 

0 . 2 7 

0 . 3 2 

0 . 3 3 

0 . 1 3 

1 3 . 1 

3 9 . 0 

3 7 . 1 

3 7 . 7 

2 6 . 9 
2 2 . 4 

3 1 . 3 

2 8 . 2 

3 1 . 1 

3 0 . 3 

3 2 . 5 

3 7 , 8 

2 5 . 5 

5 1 . 3 
9 . 8 

1 0 . 8 

8 .0 

C l a d d i n g E d g i 

T c 

1 6 . 8 

1 4 . 6 

1 1 . 7 

1 1 . 9 

1 3 . 2 

1 2 . 4 

1 3 . 2 

1 3 . 4 

4 8 . 9 

1 9 . 7 
, 0 . 0 4 a 

0 . 0 4 * 

0 . 0 4 * 

C o n c e n t r a t i o n 

R u 

4 5 . 0 

5 1 . 1 

4 1 . 9 

4 1 . 0 

4 1 . 7 

4 0 . 9 
3 8 . 0 

3 0 . 5 

1 1 . 7 

1.7 
, 0 . 0 4 * 

- 0 . 0 4 * 

0 . 0 4 * 

R h 

8 . 4 

9 .1 

12 .0 

1 5 . 7 

1 0 . 8 

1 2 . 6 
1 1 . 3 

10 .9 

1 0 . 8 

1 0 . 9 
, 0 . 0 4 * 

0 . 0 4 * 

. 0 . 0 4 * 

(wt %) 

P d 

2 . 7 

2 . 7 

2 . 9 

2 . 8 

2 . 8 

3 . 5 

4 . 7 

7 .0 

2 . 9 
1.7 

2 3 . 8 

2 0 . 6 

2 1 . 2 

N i 

. , 0 . 0 1 * 

< 0 . 0 1 * 

, 0 . 0 1 * 

0 . 0 1 * 

, 0 . 0 1 * 

0 . 0 1 * 

0 . 0 1 * 

, 0 . 0 1 * 

0 . 0 1 * 

1.5 
2 0 . 2 

2 3 . 0 

2 3 . 8 

C o 

0 . 0 1 * 

0 . 0 1 * 

0 . 0 1 * 

0 . 0 1 * 

0 . 0 1 * 

0 . 0 1 * 

0 . 0 1 * 

:o.oi* 
, 0 . 0 1 * 

0 . 0 1 * 
0 . 7 

1.2 

1.3 

C u 

0 , 0 1 * 

, 0 . 0 1 * 

-:o.oi* 
0 . 0 1 * 

. 0 , 0 1 * 

, 0 . 0 1 * 

0 . 0 1 * 

. 0 . 0 1 * 

, 0 . 0 1 * 

0 . 0 1 * 
6 . 4 

7 .2 

8 .0 

*Minimum detection limits. 

TABLE IV-3. Metal Inclusions in Irradiated ^ T^^^r 1 ,- ,1 ,. ,-
. „ ,„ „ „ „ „ , , „ , „ , F o r H O V - 1 5 , the r a t i o s of UO2-20 wt % PuOj Fuel (F2R) 

f i s s i o n - p r o d u c t c o n c e n t r a t i o n s in 
the i n c l u s i o n s w e r e c o m p a r e d with 
the r a t i o s tha t would be e x p e c t e d 
on the b a s i s of t h e i r f i s s ion y i e l d s . 
In the f i r s t s e v e n i n c l u s i o n s l i s t e d 
in T a b l e IV-2 ( those f rom the fuel 
i n t e r i o r ) , the r a t i o s of the t h r e e 
f i s s ion p r o d u c t s R u : R h : T c a g r e e 
r e a s o n a b l y wel l wi th the c a l c u ­
l a t ed f i s s i o n - y i e l d r a t i o s of 
3 .8 :1 .5 :1 .0 ; h o w e v e r , the o b s e r v e d 
c o n c e n t r a t i o n s of m o l y b d e n u m a r e 
only one -ha l f of t h o s e expec t ed 
f rom the f i s s ion y i e l d s . The p a l l a ­

d i u m con ten t of i n c l u s i o n s in the h i g h - t e m p e r a t u r e r e g i o n s is a l so l o w e r 
than e x p e c t e d . The h igh v a p o r p r e s s u r e of p a l l a d i u m , along wi th the g r e a t l y 
i n c r e a s e d c o n c e n t r a t i o n s o b s e r v e d in the t h r e e o u t e r m o s t i n c l u s i o n s , s u g ­
g e s t t ha t p a l l a d i u m is t r a n s p o r t e d to the o u t e r , coo l e r r e g i o n s by v a p o r i z a ­
t ion . In the o u t e r r e g i o n s , the f o r m a t i o n of i r o n - p a l l a d i u m a l loys l o w e r s 
the v a p o r p r e s s u r e s of both p a l l a d i u m and i r o n . It is s e e n tha t the t h r e e 
i n c l u s i o n s n e a r e s t the c ladd ing ( s ee T a b l e IV-2) conta in a p p r e c i a b l e a m o u n t s 

R a d i a l 

( m m ) 

0 . 3 0 

0 . 3 8 
0 . 8 4 

1.16 

1 .45 

1.69 

1.91 
2 . 2 1 

3 . 1 7 

M o 

V o i d 

5 5 . 4 

5 1 . 3 

4 7 . 9 

4 8 . 0 

4 3 . 2 

3 0 . 5 

4 5 . 5 

C o n c e n t r a t i o n (wt 

T c 

E d g e 

1 2 . 7 

8 . 6 

1 2 . 6 

1 4 . 2 

1 5 . 9 

1 9 . 5 

1 4 . 8 

R u 

2 1 . 5 

2 3 . 0 

2 9 . 4 

2 9 . 0 

3 1 . 5 

3 9 . 0 

3 1 . 3 

C l a d d i n g E d g e 

R h 

5.0 

7 .3 

9 . 9 

8 .2 

9 .1 

1 1.0 

8 .1 

%) 
P d 

5.0 

9 .2 

0 . 1 

0 . 4 

0 . 1 

0 . 1 

0 . 1 

F e 

0 . 5 

0 . 6 

0 . 2 

0 . 2 

0 . 1 

0 . 1 

0 . 1 
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of both iron and palladium. These three inclusions were relatively large 
and, on a mass bas is , it appears that a large percentage of the fission 
product palladium has been t ransported to the outer regions of the fuel. 

The three inclusions nearest the cladding also contained large 
concentrations of cladding constituents. The cladding mate r ia l , Hastelloy X, 
has a nominal composition of 47% Ni, 9% Mo, 22% Cr, 18% Fe, and small 
amounts of cobalt, copper, and tungsten. The cladding components were 
homogeneously distributed throughout each inclusion, iron and nickel being 
the major constituents. The t ransport of iron from stainless steel by a 
van Arkel-de Boer type of process has been previously reported (ANL-
7650, p. 35). This type of t ransport p rocess , however, would not account 
for the large amounts of nickel found in the inclusions described above. 
Analysis of several inclusions in HOV-15 in the region near the cladding 
has shown evidence of the presence of chlorine. Chlorine in the fuel during 
irradiation could cause significant vapor-phase t ranspor t of cladding con­
stituents, particularly nickel. 

For the high-density pellet fuel, F2R, the ratios of the concen­
trations of the three fission products Ru:Rh:Tc again show good agreement 
with ratios calculated from fission-yield data. However, we see a signifi­
cant difference, as compared with the low density fuel, in the distribution 
of iron and the metallic fission-product components that have an appre­
ciable vapor p ressure , i.e., palladium and molybdenum. In the cooler r e ­
gions of the high-density fuel, the concentrations of these components are 
smaller, and in the interior fuel regions, the concentrations a re larger . 
The marked difference in the behavior of these fission products could be 
the result of the difference in connected porosity of the two fuels. In F2R, 
the vapor species appear to be contained in the fuel interior by the high 
density of the unrestructured region, whereas in HOV-15, the greater po­
rosity of the low-density fuel allows greater t ransport of the vapor species 
to cooler regions of the fuel. 

In F2R, the distribution of palladium, iron, and molybdenum 
throughout the columnar-grain region is expected to be governed by t r ans ­
port of elemental vapor species, since all three have significant elemental 
vapor pressures and would not be oxidized in the higher temperature r e ­
gions. The metallic inclusions neares t the void edge show a sharp increase 
in molybdenum, palladium, and iron contents. This finding is somewhat un­
expected; however, similar increases in concentration near the void edge 
have been observed for ^^Kr and cesium. This distribution is believed to be 
characterist ic of gaseous components. Pore sweeping is known to occur in 
this region of the fuel and the thermal gradient diminishes at the void edge. 
Thus, this region is a potential location for the pile-up of gas-filled pores 
sweeping toward the void edge. Also, with cracks in the fuel providing a 
communication line to the central void, palladium, molybdenum, and iron 
vapor species trapped in the central void cavity may, upon slow cooling of 
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the fuel, diffuse back into the fuel and condense as alloy inclusions near the 
void edge. The relatively small total amounts of molybdenum, iron, and 
palladium involved in the metal inclusions indicate that the t ranspor t of 
vapor back into the fuel has not been extensive. 

B. Fas t -Reac tor Cross-Sect ion Measurements 

An understanding of fast-neutron processes is essential to the design 
and development of fast breeder reac tors . The objectives of the c r o s s -
sections program are (l) to provide data for defining the breeding charac­
te r i s t ics of a fast reactor and for characterizing the irradiat ion environ­
ment of a fast reactor , (2) to measure spectrum-averaged cross sections 
and fast-neutron fission yields in various fas t - reactor neutron spectra , and 
(3) to apply these data to problems of interest to the overall fast breeder 
reactor program. The emphasis of this program has historically involved 
measurements of cross sections and reaction rates in the EBR-II reactor . 
The more recent trend has been to ca r ry out cooperative experiments with 
both the EBR-II Project and the Materials Science Division so that our ex­
per t ise in foil-activation rate measurements , cross sections, and general 
nuclear chemistry may be combined with their expertise in i r radiat ion-
damage effects and reactor physics in an attempt to consider more mul t i -
disciplinary problems. 

The work of the group during the past year has included the following: 
(l) measurements of capture-to-fission ratios (alpha) of the principal heavy 
elements that constitute both present and future fast reactor fuels, (2) some 
studies of helium production in EBR-II i rradiated stainless steels and the 
possible relationship of helium production to irradiation damage effects, 
(3) a comprehensive program to measure the fast-neutron fission yields of 
tritiunn and other low-mass fission products, and (4) fast-neutron spectra l 
character izat ion studies, with part icular emphasis on the foil-activation 
studies conducted in the ZPR-3 mockup studies of EBR-II. 

1. Spectrum-Averaged Measurements 

a. Capture- to-Fiss ion Ratios in EBR-II 

The economics of a breeder reactor is largely dependent 
upon the r eac to r ' s capability for breeding, i .e. , producing more fissile fuel 
than it consumes. For this reason it is very important to determine the 
breeding capability of a fast reactor . One measure of the breeding capa­
bility is the breeding potential, defined as the maximum number of neutrons 
available for breeding. This quantity can be calculated as follows: 

(1 + a) 



where v is the number of neutrons emitted per fission event in the pr imary 
fuel and a is the ratio of the number of captures to the number of fissions 
taking place in the fuel. Each of these quantities is spectrum dependent, 
that i s , each varies with neutron energy spectrum and hence with position 
in the reactor. Since v(E) is a function that var ies relatively slowly with 
neutron energy, the breeding potential is largely determined by the var ia ­
tion of a with neutron energy, i.e., with position within the reactor . Our 
program has involved measuring a for ^̂ Û at 9 locations throughout EBR-II, 
'̂̂ U at 11 locations, '''^U at 5 locations, ^' 'Pu at 15 locations, ^""Pu at 10 lo­

cations, and ^''^Pu at 14 locations. 

The measurements were performed by irradiat ing these 
64 samples in EBR-II for periods of 0.5 to 1.6 yr. The number of fissions 
occurring in each sample was measured by radiochemically separating the 
fission product '^^Cs, assaying the activity by counting on Ge(Li) detectors 
relative to an absolute standard of '^ 'Cs, and computing the number of fis­
sions from the measured number of '^^Cs atoms in the sample and the known 
fission yields of '^^Cs for each isotope. The number of captures was meas ­
ured in the ^^'U, " ' U , ^^'Pu, and ^^"Pu samples by radiochemically separating 
the uranium or plutonium from stainless steel encapsulation mater ia l and 
fission products, and determining the number of atoms of capture products 
by mass-spec t romet r ic isotope-dilution techniques. ' For ^^'U, ^^^U, ^"Pu, 
and ^^''Pu, the number of atoms of the respective capture products, ^'''U 
(2.5 X 10^ y), " 'U (2.4 x lO'' y), ^*°Pu (6.8 x lO' y) and ^*'Pu (13 y), could be 
determined directly because their half-lives are suitably long. However for 
^ '̂U and ^''^Pu, whose capture products have shorter half-l ives, the number 
of captures was determined by measurement of a daughter of the capture 
product. 

For ^^^U, the following reactions are involved: 

2 3 8 T T " 239 5" U - » ' u ( 2 4 m ) i i " ' N p ( 2 , 4 d ) i i » 9 p ^ ( 2 4 y) 

The number of c a p t u r e s in t h e s e s a m p l e s was d e t e r m i n e d by r a d i o c h e m i c a l l y 
s e p a r a t i n g p lu tonium and d e t e r m i n i n g the n u m b e r of a t o m s of ^^'Pu by h igh-
r e so lu t i on alpha count ing. 

F o r Pu , the following r e a c t i o n s a r e involved : 

' ' ' P u " ^*3p^(B h) t ^«Am(7 .7 y) 2- "'^Np{ZA d) . 

The number of c a p t u r e s in the ^^^Pu s a m p l e s was d e t e r m i n e d by f i r s t r a d i o ­
chemica l ly s e p a r a t i n g the a m e r i c i u m atrd t h e n d e t e r m i n i n g the n u m b e r of 
a toms of ^Am. This was a c c o m p l i s h e d by a l lowing the ^''^Am to r e a c h 

The mass spectrometry was performed by M, Laug, Idaho Division. 
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equilibrium with its decay product '^'Np, separating the ' "Np , and counting 
the ^^'Np on Ge(Li) detectors relative to an absolute standard of ^''^Am-^'''Np. 

The results of these measurements are shown in Figs, IV-2 
to IV-5. In these figures, the measured values of alpha are plotted against 
the axial or radial distance of the samples from the center of the core of 
EBR-II. E r r o r est imates for the experimental measurements have been 
made on the basis of a propagation-of-error analysis. In general , the re la­
tive e r r o r s are about 2-3% except for the ^^^Pu values. The resul ts for 
^^^Pu shown in Figs. IV-4 and IV-5 have not yet been corrected for fissions 
resulting from ^^'Pu and ^'"Pu impurities in the samples; consequently, no 
e r ro r est imates have been made. The e r ro r estimates of 2-3% do not in­
clude any uncertainties in the assumed fission yield of '^^Cs, which is 
probably of the order of 5-15%. Table IV-4 summarizes the breeding 
potential, {v - 1 - a ) / ( l +a), for the fissile nuclides "^U, "^U, " ' P u , and 
""Pu. 

b . Helium Production in EBR-II Irradiated Stainless Steel 

In cooperation with the Materials Science Division, a study 
was made of helium generation in sections of the control and safety-rod 
thimbles in EBR-II, and the results of the study have been published.^ The 
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TABLE IV-4. Breeding Potential for " 'U. "'U , ' 
and ^"Pu at Various Positions in EBR-II 

Distance 
Core Cente 

Radial^ 

2 . 8 (1) 
2 . 8 (1) 
2 .8 (1) 
2 . 8 (1) 
2 . 8 (1) 

2 , 8 (1) 

2 , 8 (1) 
2 . 8 (1) 

10 .2 (3) 

2 1 . 3 (5) 

3 0 . 6 (7) 
4 0 . 8 (9) 
51 .0 (11) 

6 1 . 2 (13) 
7 1 . 5 (15) 

r o m 

' ( c m ) 

A x i a t 

+ 73 

+ 52 

+ 30 
+ 17 

+ 9 

0 

- 9 
- 1 7 

0 

0 

0 

0 
0 

0 

0 

">u 

_ 
1,29 

-
1,33 

1.34 

1.35 
1.34 

1.33 

-
1.33 

. 
1.30 

_ 
1.28 

-

B r e e d i n g P o 

"̂ u 

0 . 7 6 

0 . 7 9 

0 . 9 3 
1,03 

-
1.07 

1 .07 
1.02 

1,07 

-
0 . 9 8 9 

_ 
0 . 8 9 5 

. 
0 . 8 3 0 

e n t i a l 

" ' P u 

0 . 9 6 

-
1.39 
1 .58 

1.65 

1.72 

1.69 
1.57 
1.71 

1.65 

1.55 
1.54 
1.44 

1.31 

1.09 

"°Pu 

. 
-

0.30 

1.05 
1.11 

. 

. 
1.11 
1.04 
0.73 
0. 18 

-
_ 
-

The numbers in parentheses indicate the row in which the samples were 
irradiated. 
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helium concentrations were measured at selected sampling positions and, 
on the basis of c ross-sec t ion data and dosimetry measurements on the 
samples , the helium concentrations were calculated. This study indicated 
that helium generation rates in stainless steels can be calculated for EBR-II 
i r radiat ions with an accuracy of about 25-30%. The most significant finding 
in this study was the observation of helium and nitrogen concentration gra­
dients along the thimbles; these concentration gradients were very strongly 
corre la ted with the tempera ture of the thimble during irradiation. This 
phenomenon is thought to resul t from transport of nitrogen by the sodiunn 
coolant from the cooler to the hotter regions of the reactor ; in the hotter 
regions, the nitrogen diffuses into stainless steel, where it can undergo 
(n,a) reactions to produce helium. Because helium acts to stabilize voids 
in s tainless steels i r radia ted at high tempera tures , it can thereby acce ler ­
ate deter iorat ion of the mechanical propert ies of stainless steel under fast-
neutron i r radia t ions . Nitrogen t ransport in LMFBRs has the potential of 
creating the same problem in fast reactors that boron creates in thermal 
r eac to r s , namely, an accelerated loss of ductility of steels under neutron 
irradiat ion. 

2. Low-Mass Fast-Neutron Fission Yields 

The purpose of this program is to establish information on 
t r i t ium that will be useful in the design of reactors and fuel processing 
plants. The single most important quantity that must be determined is the 
yield of t r i t ium from fission of fast reactor fuels. Two independent exper i ­
ments a re being conducted to establish the fast-neutron fission yields of 
t r i t ium. 

In one experiment, all low-mass fission products will be m e a s ­
ured simultaneously by on-beam part icle identification techniques; this ex­
periment has been described previously (see ANL-7675, p. 119). As 
mentioned then, budget res t r ic t ions required a curtailment of this exper i ­
ment; however, this program was reactivated in September 1970. To date, 
the principal effort has been directed to reassembly of the electronic equip­
ment to perform the experiment. A computer-based data collection system 
has been designed and ordered. Computer codes for analysis of the expected 
data a re being written, and the details of the experimental measurements 
have been defined. 

The second experiment, •which was initiated vrithin the past year , 
involves i r radiat ion of a sample of fissile mater ia l in a monoenergetic fast-
neutron flux, radiochemical separation of t r i t ium, and quantitative de te rmi ­
nation of the t r i t ium by means of low-level gas proportional counting. The 
equipment for the radiochemical separation has been assembled and checked 
out. In the separat ion scheme, the i r radiated sample is hydrided with natural 
hydrogen for a sufficient length of time to allow isotopic exchange with the 
t r i t ium, and the hydrogen (containing the tri t ium) is pumped through a 
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palladium valve, which is permeable only to hydrogen isotopes, to effect 
separation from other sample constituents. At present , the entire tech­
nique for the yield determination is being verified by performing t r i t ium-
yield measurements on thermal-neut ron- i r radia ted ^^^U, for which tr i t ium 
yields have been reported in the l i te ra ture . Samples of ^^'Pu, ^^^U, and 
^̂ Û were irradiated at three different energies with monoenergetic neu­
trons. The number of fissions occurring in each sample was determined 
by nondestructive gamma-spectronnetric analysis for fission products 
whose fission yields are well known. After verification of the t r i t ium 
radiochemical separation procedure, these samples will be analyzed for 
tritium and the tri t ium yields determined. 

3. Dosimetry Characterization of a Fast-Neutron Irradiat ion 
Environment 

The principal objective of this program is to develop methods 
and to perform measurements to character ize the flux intensity, fluence, 
and neutron spectrum of a fast-reactor environment. Several experiments 
have been performed in collaboration with the EBR-II Project . The ex­
periments are being conducted in the ZPR-3 cri t ical assembly, which has 
been mocked-up to simulate the irradiat ion conditions of EBR-II. Our 
participation in the experiments has been to perform activation-rate meas ­
urements using ^^^U, ^'^U, nickel, gold, and aluminum foil dos imeters . The 
foil data provide information for the comparison of experimental measure ­
ments with reactor physics calculations. These experiments thus provide 
dosimetry data that can be directly related to EBR-II measurements , and 
they also enable an evaluation and definition of the accuracy of the theo­
retical calculations to be made. Measurements in four different assemblies 
on over 500 individual samples have been completed. 

More general work in the area of dosinnetry has been conducted 
on a rather limited basis . A computer code, MODSIG, is being developed 
with which neutron flux and neutron energy spectra can be deduced from 
foil-activation-rate data. Also, a computer code is being developed that 
will relate neutron flux and spectrum to atomic displacements. The need 
for computing atomic displacement is twofold. F i rs t ly , this quantity, which 
is derived from flux and spectrum measurements , is more directly appli­
cable to studies of materials i rradiat ion effects. Secondly, atomic dis­
placement calculations are required for relating the results of charged-
particle simulation experiments (being conducted by the Materials Science 
Division) with fast-neutron irradiation effects. 

C- Fission Yields as a Function of Neutron Energy 

Currently, determinations of burnup of both driver fuel and test 
fuels irradia^t^ed in EBR-II are made by analyzing the fuel for such fission 

The fission yields of these nuclides have 
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b e e n d e t e r m i n e d in a t h e r m a l n e u t r o n s p e c t r u m and in the r e l a t i v e l y h a r d 
s p e c t r u m of E B R - I ; h o w e v e r , no i n f o r m a t i o n is a v a i l a b l e on the f i s s i on 
y i e l d s in the s p e c t r u m of E B R - I I nor on the v a r i a t i o n of the y i e ld s wi th 
n e u t r o n e n e r g y . T h e r e f o r e , the f i s s i on y i e ld s be ing u s e d for b u r n u p d e ­
t e r m i n a t i o n s in E B R - I I a r e , of n e c e s s i t y , e s t i m a t e s . A 4 - y r i r r a d i a t i o n 
of s a m p l e s of f i s s i l e n u c l i d e s in the co re of E B R - I I ( see A N L - 7 3 5 0 , p . 94) 
was r e c e n t l y c o m p l e t e d and it is expec t ed tha t the a n a l y s i s of t h e s e s a m ­
p les wi l l p r o v i d e a c c u r a t e f i s s i o n - y i e l d da t a for the c o r e of E B R - I I . 

An e x p e r i m e n t a l eva lua t ion of the v a r i a t i o n of f i s s ion y i e l d s wi th 
n e u t r o n e n e r g y is a l s o be ing c a r r i e d out to e s t a b l i s h the a p p l i c a b i l i t y of 
the f i s s i o n - y i e l d d a t a ob ta ined in the s p e c t r u m of the E B R - I I c o r e to o t h e r 
n e u t r o n s p e c t r a . Th i s i n f o r m a t i o n is n e c e s s a r y b e c a u s e the n e u t r o n s p e c ­
t r u m in which the 4 - y r i r r a d i a t i o n was conducted was s o m e w h a t h a r d e r 
than the s p e c t r a of m o s t o t h e r E B R - I I i r r a d i a t i o n s and a l s o h a r d e r than 
the s p e c t r a e x p e c t e d in the F a s t F l u x T e s t F a c i l i t y ( F F T F ) and o t h e r 
L M F B R s . The e v a l u a t i o n is be ing a c c o m p l i s h e d by p e r f o r m i n g br ie f , l ow-
power i r r a d i a t i o n s in the Z e r o P o w e r R e a c t o r - 3 ( Z P R - 3 ) and d e t e r m i n i n g 
the a b s o l u t e and " r e l a t i v e " f i ss ion y ie lds of a n u m b e r of g a m m a - a c t i v e 
f i s s i on p r o d u c t s as a function of neu t ron e n e r g y . 

The i r r a d i a t i o n s in Z P R - 3 w e r e c a r r i e d out in A s s e m b l y 60, which 
was a m o c k u p of the p r e s e n t loading of E B R - I I , and in A s s e m b l y 6 1 , in 
which the ^̂ *U b l anke t of A s s e m b l y 60 was r e p l a c e d with a n icke l r e f l e c t o r . 
T h r e e s e t s of s a m p l e s w e r e i r r a d i a t e d in each s u b a s s e m b l y in pos i t i ons 
c o r r e s p o n d i n g to the c o r e , i n t e r f a c e , and b lanke t (or r e f l e c t o r ) of E B R - I I . 
The h a r d e s t s p e c t r u m was the s a m e as tha t of the 4 - y r E B R - I I i r r a d i a t i o n 
and the sof tes t s p e c t r u m "was sof te r than any s p e c t r u m expec t ed in the 
l a r g e L M F B R s . 

M e t a l foils of ^^^U, ^^'U, and ^ " P u w e r e i r r a d i a t e d in p a c k a g e s of the 
type shown in F ig . TV-6. The foils w e r e cut into 0 .25- in . s e c t i o n s af ter the 
i r r a d i a t i o n , and each s e c t i o n was a s s a y e d r e p e a t e d l y with a c a l i b r a t e d 
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(on platinum) of ^^^U, ^^^U, and ^^'Pu. Each irradiat ion package contained 
eight fission-track detectors of each fissile nuclide, one for each 0.25-in. 
section of foil. (The fission t rack detectors are represented by the circles 
in Fig. lV-6.) After the irradiation, the mica was etched with hydrofluoric 
acid and the number of fission tracks counted under a microscope. The 
platinum was sectioned and the mass of fissile nuclide on each section 
measured--the ^^'Pu by alpha counting, the ^̂ Û and ^^'u by m a s s -
spectrometric isotope-dilution analysis. In previous experiments using 
this technique, the number of fissions per gram of fissile nuclide has been 
determined, for a single track detector, with a precision of ±1.5%. 

The counting of the fission tracks and the assay of the '̂̂ U and ^̂ *U 
have not been completed; therefore, a comparison of the absolute fission 
yields at the various neutron energies cannot yet be made. Calculations 
have been made, however, of ^̂ Û and Pu relative fission yields, and 
these values have been compared as a function of neutron energy. The 
relative fission yield is defined here as the ratio of atoms of a particular 
fission product to the atoms of a fission product whose absolute yield does 
not vary significantly with neutron energy (based on fission yields deter­
mined in a thermal spectrum and in the relatively hard spectrum of EBR-I). 
The yield of Ba (12.8 d) shows little variation with neutron energy in either 
^̂ U or ^ Pu fission; therefore, it has been chosen as the basis of compari­

son. The absolute yields of several of the fission products assayed on the 
foils from the ZPR-3 irradiations are known to vary markedly between ther­
mal and EBR-I spectra. For ^"u fission, the yields of '°^Ru (40 d) and '^'l 
(8,0 d) increase by 17 and 13%, respectively (thermal to EBR-I); for ^^'Pu 
fission, the yield of " ' l increases by 13%. Any change in yields within the 
neutron energy range encompassed by the ZPR-3 experiments should, there­
fore, be most pronounced for these fission products. 

The fission yields of " Z r , ' " R U , and ' " l , relative to '*°Ba, for "^V 
and Pu fission are summarized as a function of reactor position in Ta­
bles IV-5 and TV-6. The '^Zr relative fission yields are included in these 
tables for comparative purposes (thermal and EBR-I data have shown that 
the absolute fission yield of '^Zr , like that of '*°Ba, var ies little with neu­
tron energy for either "^U or " ' P u fission). Included also in the tables 
are relative fission-yield values obtained from the assay of samples of 

U and Pu that were irradiated in a thermal neutron spectrum. These 
samples were assayed under the same conditions that were used for the 
ZPR-3 samples to provide thermal data that could be compared directly 
with the ZPR-3 data. 

Since the "^U relative fission yields of '"^Ru and '^'l (Table IV-5) 
and the " ' P u relative fission yield of '̂ '-I (Table IV-6) do not change from 
the core spectrum of Assembly 60 (Row 2 of EBR-II) to the blanket spec­
trum of Assembly 60 (Row 12 of EBR-II), the conclusion is drawn that the 
fission yields of the other nuclides are also not changing. It follows, 
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t h e r e f o r e , tha t for i r r a d i a t i o n s c a r r i e d out in E B R - I I , the v a r i a t i o n in n e u ­
t r o n s p e c t r u m does not affect the y ie ld of the f i s s ion p r o d u c t u s e d to d e t e r ­
m i n e b u r n u p on tha t fuel. 

TABLE l V - 5 . •'"U F i s s ion Yields of ' ' ^Zr , ' " R U , and ' " l . 
Relat ive to '' '"Ba, as a Function of Reac tor Posi t ion 

Z P R - 3 Assembly and 
Sample Location^ ' Z r ^Ru 

60 Core (2) 1 
61 Core 1 
60 Interface (7) 1 
61 Interface 1 
60 Blanket (12) 1 
61 Reflector 1 
The rmal 1 

Std. Dev. +0 

117 
139 
101 

1 10 
120 
086 
121 
0 1 5 

0.5 53 
0.555 
0.551 
0.540 
0.548 
0.516 
0.486 

±0.005 

0.561 
0.563 
0.551 
0.569 
0.548 
0.519 
0.443 

±0.010 

*The number s in pa ren theses a r e the cor responding row 
n u m b e r s in EBR-II . 

TABLE IV-6. " ' P u F i s s ion Yields of '''^Zr, ' " R u , and " 
Rela t ive to ''"'Ba, as a Function of Reactor Pos i t ion 

Z P R - 3 Assembly and 
Sample Location^ ' Z r ' R u 

60 Core (2) 
61 Core 
60 Interface (7) 
61 Interface 
60 Blanket (12) 
61 Reflector 
T h e r m a l 

Std. Dev. 

0.910 
0.891 

-
0.895 
0.880 
0.880 
0.910 

±0.015 

1.281 
1.272 

-
1.265 
1.303 
1.289 
1.277 

±0.010 

0.841 
0.837 

-
0.8 58 
0.838 
0.837 
0.718 

±0.010 

The number s in pa ren theses a r e the cor responding row 
number s in EBR-II . 

F r o m the A s s e m b l y 61 da ta in T a b l e I V - 6 , it is a p p a r e n t tha t the 
^^'Pu r e l a t i v e f i s s i on y ie ld of '^ ' l does not change f rom the c o r e , a s p e c t r u m 
m u c h h a r d e r than tha t e x p e c t e d for F F T F , to the n icke l r e f l e c t o r , a s p e c ­
t r u m s o m e w h a t so f t e r than tha t e x p e c t e d for F F T F . (In F F T F the p r i n c i p a l 
s o u r c e of f i s s ion wi l l be ^ ' ' P u . ) It i s , t h e r e f o r e , conc luded tha t ( l ) the a b s o ­
lu te y i e l d s of the f i s s i on p r o d u c t s to be used to m o n i t o r b u r n u p on F F T F fuel 
a r e i n d e p e n d e n t of the n e u t r o n s p e c t r a in which they wi l l be i r r a d i a t e d , and 
(2) the a n a l y s i s of s a m p l e s f rom the l o n g - t e r m i r r a d i a t i o n s in the c o r e of 
E B R - I I wi l l p r o v i d e ^ " P u f i s s i o n - y i e l d da ta of the a c c u r a c y r e q u i r e d for 
F F T F i r r a d i a t i o n s . 
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V. CHEMISTRY OF LIQUID METALS AND MOLTEN SALTS 

A. Liquid Metal Studies 

Research is being conducted to increase the understanding of liquid 
metals and semi-meta ls . Par t icular emphasis is given to the study of so­
dium and lithium because of their projected use as coolants in nuclear fis­
sion and fusion reac tors , respectively. Experimental and theoretical 
programs under way include the determination of thermodynamic propert ies 
(such as binary metallic phase equilibria, metal-metal-hydrogen ternary 
systems, gas solubilities, and calculation of liquid metal binding) and the 
measurement of transport propert ies (such as electronic conductivity of 
sulfur and sulfur-containing mixtures , diffusion of reaction products in 
sulfur-containing cathodes of electrochemical cel ls , surface diffusivity of 
iron in liquid sodium, and measurement of surface and volume diffusion 
coefficients). 

1. Thermodynamics 

a. Phase Equilibrium 
Studies of Binary 
Lithium- Chalcogen 
Systems 

(l) The Lithium-
Selenium System 

Phase equilibrium 
studies of the l i thium-selenium system 
were reported in part ear l ie r (see 
ANL-7650, p. 42). This system has 
been studied over the whole range of 
composition from pure lithium to pure 
selenium. Various experimental tech­
niques were used to determine the 
l i thium-selenium phase diagram, which 
is presented in Fig. V-1 . 

aTOU PERCENT 

Fig. V-1. Phase Diagram of the Lithium-Selenium 
System. ANLNeg. No. 308-2327 Rev. 1. 

T h e r m a l a n a l y s i s 
was u s e d to d e t e r m i n e the t h e r m a l in ­
v a r i a n t s in the s y s t e m . The only 
t h e r m a l effect no ted on the l i t h i u m -

r i c h side of LijSe was 180.5°C, the m e l t i n g point of p u r e l i t h i u m . On the 
s e l e n i u m - r i c h s ide of Li^Se, t h e r m a l effects w e r e no ted a t 220.0°C and 
350.1°C for a l l c o m p o s i t i o n s f r o m 55 to 3 a t . % l i t h i u m . The 220°C effect 
is a s s o c i a t e d with s e l e n i u m m e l t i n g , w h e r e a s the 350°C effect h a s been in ­
t e r p r e t e d as the t e m p e r a t u r e of a m o n o t e c t i c r e a c t i o n . The m e l t i n g point 
of LijSe was d e t e r m i n e d by two m e t h o d s . In the f i r s t m e t h o d , the s a m p l e 
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was placed in a niobium crucible and heated in an argon atmosphere in a 
molybdenum-wound res is tance furnace. Fusion of the LijSe occurred at 
1303°C. The second method, high-temperature differential thermal analy­
sis with the sample in a niobium capsule, yielded a melting point of 
1302 C. F rom these two types of measurements , the melting point is con­
cluded to be 1302 ± 5°C. There was no indication that the Li2Se had reacted 
with the niobium containers . 

The indications of a miscibility gap in the lithium-
selenium system, based on the thermal analysis resu l t s , were confirmed 
by quenching samples containing from 2 to 26 at. % lithium from tempera­
tures above 350''C. The boundaries of the miscibility gap were determined 
by chemical analysis of the quenched samples . Samples having composi­
tions within the miscibility gap were held at temperature in sealed quartz 
vials for periods of up to several days to insure equilibrium and phase 
separation, and then quenched in liquid nitrogen. The two phases present , 
which are quite different in appearance, were then separated and analyzed 
for lithium and selenium. The resul ts of these analyses a re sho-wn in 
Fig. V-1 by the square symbols. The region of itnmiscibility extends to a 
relatively high tempera ture , the consolute temperature being above 800°C. 
Microscopic study of quenched samples was used to locate the upper 
liquidus. Samples of various known compositions were heated to a tempera­
ture sufficiently high to insure that they were in the liquid region, and then 
cooled to the tempera ture of in teres t , which was maintained for severa l 
hours prior to quenching in liquid nitrogen. Compositions which were be­
low the liquidus at the holding temperature contained large, well-fornned 
crysta ls of LijSe, w^hile those above the liquidus prior to quenching con­
tained only fine dendritic crystals of Li2Se. The different s t ructures were 
easily distinguishable at low magnification (about 14X), allowing the liqui­
dus composition to be closely bracketed at several t empera tures . The r e ­
sults of these experiments are shown by triangles in Fig. V - 1 , where the 
base-down orientation indicates that the sannple was quenched from below 
the liquidus and the apex-down orientation indicates quenching from above 
the liquidus. X-ray diffraction patterns were obtained for a number of 
samples of various compositions and thermal h is tor ies . The only inter­
mediate phase detected was LijSe. 

(2) The Lithium-Sulfur System 

The lithium-sulfur system has proven to be a difficult 
sys tem to study. Fewer data are available than for the l i thium-selenium 
sys tem discussed above. Qualitatively, however, the two systems appear 
to be very s imi la r . 

Thermal analysis was used to determine the thermal 
invariants for the system. The resul ts a re shown in Fig. V-2 as c i r c l e s . 
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Fig. V-2. Partial Phase Diagram of the Lithium-
Sulfur System. ANL Neg. No. 308-2413. 

o u t a e u t e c t i c r e a c t i o n a t 3 6 5 ° C . F u r 

p o l y m o r p h i c i n t h i s t e m p e r a t u r e r a n ; 

w o u l d n o t b e e x p e c t e d t o c h a n g e w i t h 

P r e v i o u s t h e r m a l a n a l y s i s d a t a b y 

P e a r s o n a n d R o b i n s o n ' a r e a l s o 

s h o w n i n F i g . V - 2 a s s q u a r e s . T h e r e 

i s c o n s i d e r a b l e s c a t t e r i n t h e d a t a 

p r i m a r i l y d u e t o s e v e r e u n d e r c o o l i n g 

a n d t o t h e r e l a t i v e l y s m a l l h e a t s of 

t r a n s f o r m a t i o n . T h e t h e r m a l e f f e c t s 

n o t e d a r e a t 1 0 0 ° C , 1 1 5 ° C , a n d 3 6 5 ' ' C . 

T h e e f f e c t a t 1 0 0 ° C i s a s s o c i a t e d w i t h 

t h e t r a n s f o r m a t i o n f r o m o r t h o r h o m b i c 

t o m o n o c l i n i c s u l f u r , w h e r e a s t h e 

e f f e c t a t 1 1 5 ° C i s a s s o c i a t e d w i t h t h e 

m e l t i n g of m o n o c l i n i c s u l f u r . N e i t h e r 

of t h e s e e f f e c t s i s o b s e r v e d o n c o o l i n g 

w i t h o u t e x t r e m e u n d e r c o o l i n g ( 4 0 -

6 0 ° C ) . T h e e f f e c t n o t e d a t 3 6 5 ° C i s 

p r e s u m e d t o b e d u e t o a m o n o t e c t i c 

r e a c t i o n , s i n n i l a r t o t h a t o b s e r v e d i n 

t h e l i t h i u m - s e l e n i u m s y s t e m , s i n c e 

i t i s p r e s e n t o v e r a w i d e r a n g e of 

c o m p o s i t i o n s ( 5 - 6 0 a t . % l i t h i u m ) . 

T h e f a i l u r e of X - r a y d i f f r a c t i o n p a t ­

t e r n s t o s h o w a n y i n t e r m e d i a t e p h a s e 

o t h e r t h a n L i2S w o u l d s e e m t o r u l e 

t h e r m o r e , L i j S d o e s n o t a p p e a r t o b e 

; e , a n d i t s s i m p l e a n t i f l u o r i t e s t r u c t u r e 

i n c r e a s i n g t e m p e r a t u r e . 

T h e m e l t i n g p o i n t of L i j S w a s m e a s u r e d i n a 
m o l y b d e n u m - w o u n d r e s i s t a n c e f u r n a c e . S a m p l e s w e r e c o n t a i n e d i n b o t h 
n i o b i u m a n d v i t r e o u s c a r b o n c r u c i b l e s . T h e t e m p e r a t u r e w a s m e a s u r e d 
u s i n g a c a l i b r a t e d o p t i c a l p y r o m e t e r . T h e m e l t i n g p o i n t w a s f o u n d t o b e 
1372_2o°C, w h i c h s h o u l d r e p r e s e n t a l o w e r l i m i t f o r t h e m e l t i n g p o i n t of 
p u r e L i j S . T h i s v a l u e i s c o n s i d e r a b l y h i g h e r t h a n t h a t r e p o r t e d b y P e a r s o n 
a n d R o b i n s o n ' ( 9 0 0 - 9 7 5 ° C ) , w h o o b s e r v e d r a p i d r e a c t i o n b e t w e e n L i ^ S a n d 
t h e i r p o r c e l a i n c o n t a i n e r . 

W o r k o n t h e l i t h i u m - s u l f u r s y s t e m w i l l c o n t i n u e i n 
o r d e r t o e s t a b l i s h t h e v a l i d i t y of t h e i n t e r p r e t a t i o n of t h e l i m i t e d a m o u n t of 
d a t a n o w a v a i l a b l e . 

T. G. Pearson, P. L. Robinson, J. Chem. Soc. 1931, 413. 
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b . T h e r m o d y n a m i c s of L i t h i u m - H y d r o g e n - M e t a l S y s t e m s of 
I m p o r t a n c e to F u s i o n R e a c t o r s 

In v iew of the i n c r e a s i n g o p t i m i s m ove r obta in ing t h e r m o ­
n u c l e a r p o w e r f r o m c o n t r o l l e d fus ion r e a c t i o n s ,^"^ the p r o g r a m of e x p e r i ­
m e n t a l s t u d i e s of l iqu id m e t a l s h a s been e x t e n d e d to inc lude s y s t e m s of 
p o t e n t i a l i m p o r t a n c e to c o n t r o l l e d t h e r m o n u c l e a r r e a c t o r (CTR) t e c h n o l o g y . 
In the p a s t y e a r , we have r e v i e w e d in depth CTR c o n c e p t u a l d e s i g n s a d v a n c e d 
by o t h e r l a b o r a t o r i e s ^ ' ^ for d e u t e r i u m - t r i t i u m ( D - T ) fue led r e a c t o r s to 
a s c e r t a i n the c r i t i c a l and d e s i g n - i n d e p e n d e n t p h y s i c o c h e m i c a l p a r a m e t e r s 
tha t m u s t be known b e f o r e o p e r a t i o n a l fus ion power p l an t s can be bu i l t . 
T h e s e r e v i e w s have b r o u g h t fo r th s e v e r a l s a l i e n t p o i n t s . The f i r s t i s t ha t 
i t w i l l be e c o n o m i c a l l y and e c o l o g i c a l l y v e r y i m p o r t a n t to m a i n t a i n a w e l l 
conf ined , w e l l c o n t r o l l e d t r i t i u m i n v e n t o r y ; ' " ' a n o t h e r i s t ha t m u c h of the 
b a s i c p h y s i c o c h e m i c a l da ta n e c e s s a r y to a c c u r a t e l y e s t i m a t e t r i t i u m i n ­
v e n t o r y a r e not a v a i l a b l e . A l s o , i t i s a p p a r e n t t ha t a n u m b e r of a s p e c t s of 
the r e c e n t l y a d v a n c e d c o n c e p t s for D - T fueled r e a c t o r s a r e c o m m o n to a l l 
d e s i g n s . T h e s e d e s i g n - i n d e p e n d e n t a s p e c t s a r e l ike ly to p r e v a i l r e g a r d ­
l e s s of the s i z e or s h a p e of the r e a c t o r . In v i r t u a l l y a l l d e s i g n s , the p l a s m a 
is conf ined wi th in a m e t a l v e s s e l , the wa l l s of wh ich a r e he ld b e t w e e n 800 
and 1000°C by m e a n s of l iqu id l i t h i u m coo lan t o r in s o m e d e s i g n s wi th m o l ­
ten l i t h i u m - b e r y l l i u m f luo r ide coolan t . T r i t i u m n e e d e d for fueling the r e ­
a c t o r i s b r e d wi th in the cool ing fluid by m a k i n g u s e of the L i (n ,a ) and 
L i (n , an ) r e a c t i o n s . ' " 

N i o b i u m h a s been s e l e c t e d a s the v e s s e l m a t e r i a l in m o s t 
c o n c e p t u a l d e s i g n s b e c a u s e of i t s f a v o r a b l e s t r u c t u r a l , n e u t r o n - t r a n s m i s s i o n , 
and h e a t - t r a n s f e r p r o p e r t i e s . M o l y b d e n u m h a s a l s o r e c e i v e d s o m e c o n s i d ­
e r a t i o n a s a v e s s e l m a t e r i a l . ^ N e v e r t h e l e s s , it r e m a i n s to be d e m o n s t r a t e d 
t h a t n i o b i u m or m o l y b d e n u m wi l l be p h y s i c o c h e m i c a l l y c o m p a t i b l e wi th the 
p r o p o s e d t r i t i u m r e c o v e r y c y c l e s . ' ' 

In l ight of t h e s e o b s e r v a t i o n s and in v iew of p r e v i o u s e x ­
p e r i e n c e wi th l i t h i u m h y d r i d e - c o n t a i n i n g s y s t e m s in th i s l a b o r a t o r y , ' ^ an 

2 
D. J. Rose, private communication. 

^D. J. Rose, Nuclear Fusion U. 183 (1969). 
A. J. Hatch et al., "Report of the Argonne Senate Subcommittee on Controlled Thermonuclear Research," 
Argonne National Laboratory Reviews 6(1), 30 (1970). 

5T. Alexander, "The Hot New Promise of Thermonuclear Power," Fortune, p. 94 (June 1970). 
^Nuclear Fusion Reactors, Proceedings of the British Nuclear Energy Society Conference on Nuclear Fusion Re-
actors held at the UKAEA Culham Laboratory, 17-19 September 1969. British Nuclear Energy Society (1970). 

''ibid, p. 54. 
Sibid, p. 441. 
^A. P. Fraas, H. Postma, "Preliminary Appraisal of the Hazards Problems of a D-T Fusion Reactor Power 
Plant," USAEC report ORNL-TM 2822 (1970). 

• ' " j . D. Lee, "Some Neutronics Aspects of a D-T Fusion Reactor," USAEC report UCRL-72493 (1970). 
•̂ •'R. W. Werner, "Heat Pipes for Recovery of Tritium in Thermonuclear Reactor Blankets," USAEC report 

UCRL-72329 (1970). 
l^E. J. Cairns et al.. "Galvanic Cells With Fused-Salt Electrolytes," USAEC report ANL-7316 (1967). 
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e x p e r i m e n t a l p r o g r a m has been i n i t i a t e d to d e t e r m i n e t h e r m o d y n a m i c and 
t r a n s p o r t p r o p e r t i e s of l i t h i u m - h y d r o g e n - m e t a l s y s t e m s of e x p e c t e d i m ­
po r t ance to CTR technology . The m e t a l s a n d a l l oys u n d e r i n v e s t i g a t i o n i n ­
clude n iob ium, m o l y b d e n u m , T Z M ( T a - Z r - M o a l l oy ) , and n i o b i u m - 1 % 
z i r c o n i u m . 

c. T h e o r e t i c a l S tud ie s in T h e r m o d y n a m i c s 

( l ) Gas Solub i l i ty in L iqu id M e t a l s 

To b e t t e r u n d e r s t a n d the u n u s u a l s o l v e n c y p r o p e r t i e s 
of l iquid m e t a l s , it i s usefu l to e x a m i n e t h e i r b e h a v i o r wi th r e s p e c t to the 
s i m p l e s t s o l u t e s , the noble g a s e s . (Knowledge of the so lub i l i t y of noble gas 
blanket ing m a t e r i a l s and f i s s i o n p r o d u c t s in l iqu id s o d i u m i s a l s o of p r a c ­
t i ca l s ign i f icance to the r e a c t o r t e c h n o l o g i s t . ) T h i s s e c t i o n p r e s e n t s the 
r e s u l t s of an effort to deve lop a p h y s i c a l l y r e a l i s t i c m o d e l of such s o l u t i o n s . 
In c o n t r a s t to m o d e l s p r e v i o u s l y p r o p o s e d , ' ^ t h i s m o d e l e x p l i c i t l y a c c o u n t s 
for the effects of the conduct ion e l e c t r o n s in a l iqu id m e t a l . 

The e x c e s s m o l e c u l a r f r ee e n e r g y of f o r m a t i o n of a 
dilute so lu t ion , Ag^^^ rnay be s e t equa l to the t o t a l r e v e r s i b l e i s o t h e r m a l 
work done dur ing t h r e e s e q u e n t i a l o p e r a t i o n s : ( l ) A s o l u t e m o l e c u l e f r o m 
the gas phase is c o m p r e s s e d in to a s m a l l v o l u m e , 6V, in which i t e x e r t s a 
p r e s s u r e , Pj^, equa l to the i n t e r n a l p r e s s u r e of the s o l v e n t . P . ; (2) a s p h e r ­
i ca l cavi ty of vo lume 6V is c r e a t e d in the s o l v e n t ; (3) the s o l u t e m o l e c u l e 
is i n s e r t e d into the cavi ty and w o r k i s done by the a t t r a c t i v e f o r c e s ac t ing 
be tween the so lu te m o l e c u l e and the s u r r o u n d i n g s o l v e n t . The e x c e s s m o ­
l e c u l a r free e n e r g y , Ag^^, is equa l to W^-QJ^ + w^.^.^ + w^^^^. 

l) F o r the c a l c u l a t i o n of the i s o t h e r m a l w o r k of c o m ­
p r e s s i o n , Wj,Qj^ , h a r d - s p h e r e theory ' '* m a y be a p p l i e d ; an a p p r o p r i a t e 
equat ion of s t a t e for the h a r d - s p h e r e g a s i s the s c a l e d p a r t i c l e or P e r c u s -
Yevick a p p r o x i m a t i o n 

P - a^ 
h 6 _ yd ±y + ŷ ) 

B^ k „ T " l,.,Ai *^' 

w h e r e P ^ i s t h e p r e s s u r e of a h a r d - s p h e r e g a s ; k g , B o l t z m a n n ' s c o n s t a n t ; 

T , t h e a b s o l u t e t e m p e r a t u r e ; a , t h e e f f e c t i v e h a r d - s p h e r e d i a m e t e r ; a n d y , 

t h e p a c k i n g f r a c t i o n , d e f i n e d b y -T^^P- P b e i n g t h e n u m b e r d e n s i t y of t h e 
h a r d - s p h e r e g a s . 

13 
G. W. Johnson, R. Shuttleworth, Phil. Mag. 4, 957 (1959); L. F, Epstein, KAPL-MEMO-LFE-10 (1952), 
H. Mandel, NAA-SR-MEMO-10745; T. Emi, R, D,Pehlke, Met. Trans. 1, 2733 (1970). 

14H. Reiss, Adv. Chem. Phys. vol. IX, I, Prigogine, ed., Interscience Publishers, New York, 1965. 
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ob ta in s 

: In k T l IT, -^ I 3 y ( 2 - y ) ' 

' 'BT"6V(l -y) + 2 7TT7)I 
(3) 

2) To c a l c u l a t e w^-^.^ for a l iqu id m e t a l , one m u s t 
a l l o w for the ef fec ts of m o b i l e conduc t ion e l e c t r o n s ; a s i m p l e way to do so 
i s to e m p l o y the n e a r l y - f r e e - e l e c t r o n ( N F E ) m o d e l of m e t a l s . (In the 
N F E m o d e l , a s p a t i a l l y u n i f o r m , i m m o b i l e d i s t r i b u t i o n of p o s i t i v e c h a r g e , 
c o r r e s p o n d i n g to N p o s i t i v e ions of v a l e n c e z in a s p h e r i c a l v o l u m e V, i s 
c o u n t e r b a l a n c e d by a m o b i l e d i s t r i b u t i o n of conduc t ion e l e c t r o n s hav ing a 
u n i f o r m d e n s i t y no = Z N / V . ) When one r e m o v e s a s m a l l s p h e r i c a l v o l u m e , 
6V, of p o s i t i v e c h a r g e f r o m the c e n t e r of a l a r g e m e t a l s p h e r e and d i s ­
t r i b u t e s i t unifornnly ove r the s u r f a c e , the ne t e l e c t r o n i c w o r k can be a n a ­
l y z e d a s the s u m of t h r e e t e r m s . F i r s t , the e x c e s s n e g a t i v e c h a r g e (eno6V) 
left in the cav i t y r e p e l s a l l the e l e c t r o n s in the conduc t ion band and i n ­
c r e a s e s t h e i r p o t e n t i a l e n e r g y ; the w o r k of r e p u l s i o n is g i v e n ' by nofiv/rj-p, 
w h e r e T)p is the dens i t y of e l e c t r o n i c s t a t e s a t the F e r m i e n e r g y , E p , the 
e n e r g y of the h i g h e s t o c c u p i e d l e v e l in the conduc t ion band . Second , the 
e x p a n s i o n of the N F E s p h e r e r e d u c e s the a v e r a g e k i n e t i c e n e r g y of the c o n ­
d u c t i o n e l e c t r o n s ; b e c a u s e E-p v a r i e s a s V"^'^, the r e d u c t i o n for the m o s t 

e n e r g e t i c e l e c t r o n s is g iven by 6 E p / E p = -——-^. If icp is the r a t i o of the 

a v e r a g e k i n e t i c e n e r g y (per e l e c t r o n ) to the m a x i m u m , the t o t a l change in 
the e l e c t r o n i c k i n e t i c e n e r g y , Wĵ ĵ ĵ , i s - y /c-pEpno6V. T h i r d , the c o n d u c ­
t ion e l e c t r o n s r e d i s t r i b u t e in the p r e s e n c e of an e x c e s s c h a r g e in s u c h a 
way a s to c o m p l e t e l y s c r e e n the p o t e n t i a l due to the e x c e s s c h a r g e a t 
l a r g e d i s t a n c e s . Dur ing th i s r e d i s t r i b u t i o n , wh ich t a k e s the f o r m of s p a t i a l 
o s c i l l a t i o n s " of the e l e c t r o n d e n s i t y abou t i t s m e a n v a l u e , UQ, w o r k is done 
by the e l e c t r o n s ; the e x a c t a m o u n t depends upon the d e t a i l s of how the e x ­
c e s s c h a r g e is d i s t r i b u t e d . F o r s i m p l i c i t y , the p r e s e n t m o d e l a s s u m e s the 
e x c e s s c h a r g e (eno6V) to be u n i f o r m l y s p r e a d ove r the s u r f a c e of a s p h e r i c a l 
c av i t y of r a d i u s R = ( 3 6 V / 4 7 T ) ' . The w o r k , w^^^^, done by the e l e c t r o n g a s 
a s i t r e s p o n d s to th i s e x c e s s c h a r g e h a s been found to be 

The Ostwald coefficient is defined as the volume of gas dissolved per unit volume of solvent. 
16D. Pines, P. Nozieres, The Theory of Quantum Liquids, vol. I. pp. 168, 220, and 292, W. A. Benjamin, 

Inc., New York (1966). 
l ' ' j. Friedel, Nuovo Cim. Suppl. 2. 287 (1958). 
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0 

w h e r e the p a r a m e t e r b = (97rno6V''^)/4, the wave n u m b e r a t the F e r m i e n -
gj.gy kxp = (3Tr^no)'''^i e(x,a>) i s the wave n u m b e r and f r e q u e n c y - d e p e n d e n t 
d i e l e c t r i c function for the e l e c t r o n g a s , and x = k / k p . S u m m i n g the con ­
t r ibu t ions , one finds 

wcav = i'n'r - I iCF^p) "^o^V + WQSC (5) 

3) The g e n e r a l i z e d p o t e n t i a l due to d i s p e r s i o n f o r c e s , 
0 j - , felt by a s ingle m o l e c u l e B n e a r o r wi th in a m a c r o s c o p i c body A has 
been shown by L i n d e r " to be g iven by the equa t ion 

i i s p 

1, COROJA 

- ^ n ^ ^ ^ t aB(0)gA(0) (6) 

whe re H i s P l a n c k ' s c o n s t a n t d iv ided by 27T, a g ( 0 ) i s the s t a t i c p o l a r i z a -
b i l i ty of the m o l e c u l e in q u e s t i o n , g A ( 0 ) i s t he s t a t i c r e a c t i o n f ie ld due to 
the m a c r o s c o p i c body, and CDg and 53^ a r e the f r e q u e n c i e s a t wh ich the 
c o r r e s p o n d i n g f r e q u e n c y - d e p e n d e n t funct ions ag(cD) and gj^{od) have d o m i ­
nant r e s o n a n c e s . The w o r k done in b r i n g i n g a m o l e c u l e f r o m a r e g i o n of 
z e r o po ten t i a l into the fluid is w-^^-^j. = 0(jisp. (The a p p r o x i m a t i o n is not 
i m p o r t a n t and only a m o u n t s to n e g l e c t of q u a d r u p o l a r and h i g h e r - o r d e r 
mu l t i po l a r f o r c e s . ) F o r a s i t ua t i on in wh ich the m a c r o s c o p i c body i s r e p ­
r e s e n t e d by a so lvent continuunn hav ing a cav i t y of r a d i u s R in which a 
solute mo lecu l e r e s i d e s , the r e a c t i o n f ie ld is g iven by 

, , 26 , (0 , to ) - 2 / 1 N 

gA("^) = ze^io.a.) ± 1 I F ) (^' 

The long wave leng th l i m i t of the d i e l e c t r i c funct ion has a p a r t i c u l a r l y sinn-
ple f o r m for a m e t a l ' ^ 

£^(0,0)) = 1 - ^ (8) 
CD 

where cUp is the p l a s m o n f r e q u e n c y of t he m e t a l . Subs t i tu t ing Eq. 8 in to 
Eq. 7, one finds g^(0) = R'^ and CD^ = (2 /3) ' ' ' ^ •O^p. 

L a n g h o f f a n d K a r p l u s " h a v e d e r i v e d l o w e s t - o r d e r 

P a d e a p p r o x i m a n t s t o a B ( a ) ) , w h i c h a r e , r e s p e c t i v e l y , a n u p p e r b o u n d 

18 
Linder, Advan, Chem. Phys., vol. 12, p. 225, J. O. Hirschfelder, ed., Interscience Publishers, 

New York (1967). 
T", W. Langhoff, M. Karplus, ), Chem. Phys, 53, 233 (1970); J. Opt. Soc. Amer. 59, 863 (1969). 
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4 ^ ^ ( - ) '- iz/^Tirr - L " ' = ( V a o ) - (9a) 

and a l o w e r bound 

4 ' ^ ( - ) = K M f h ? ^ 4 ' ^ = (»o/ai) '^^ (9b) 

In t h e s e e q u a t i o n s , Z i s the t o t a l n u m b e r of e l e c t r o n s in t he so lu t e m o l e ­
c u l e , and ao and ttj a r e the f i r s t two coef f i c ien t s in the C a u c h y s e r i e s , " 
w h i c h r e p r e s e n t s the e x p e r i m e n t a l f r e q u e n c y - d e p e n d e n t p o l a r i z a b i l i t y . 
A p p r o p r i a t e s u b s t i t u t i o n s y ie ld u p p e r and l o w e r bound v a l u e s t o w^j^.^; 
wi th in the e x p e c t e d a c c u r a c y of the p r e s e n t m o d e l , ^^nj- c an be t a k e n a s 
the m e a n of t h e s e two ( fa i r ly c l o s e ) e s t i m a t e s . 

4) The t o t a l work , Ag-''-^, done in the so lu t ion of an 
a t o m of g a s e o u s s o l u t e in a l iquid m e t a l i s r e l a t e d to the m o l a r e x c e s s f r e e 
e n e r g y of so lu t i on and the Ostwald coef f ic ien t , X, by 

NoAgXS ^ ^ Q x s = - R T l n X (10) 

w h e r e NQ i s A v o g a d r o ' s n u m b e r . 

5) C a l c u l a t i o n s have b e e n c a r r i e d out for the so lu t ion 
of nob le g a s e s in l iquid s o d i u m . The input da ta and the r e s u l t s a r e c o l l e c t e d 
in T a b l e V - 1 . The i n t e r n a l p r e s s u r e P J of the m e t a l l i c so lven t was c o m ­
pu ted f r o m i t s v o l u m e e x p a n s i o n coeff ic ient , P f , and i t s i s o t h e r m a l c o m ­
p r e s s i b i l i t y , (Crp, v ia t he r e l a t i o n P j = T/3ij>//c^. T e n n p e r a t u r e - i n d e p e n d e n t 
ef fec t ive h a r d - s p h e r e d i a m e t e r s , a, for the so lu t e m o l e c u l e s w e r e t a k e n 
f r o m the v a l u e s d e t e r m i n e d by f i t t ing e x p e r i m e n t a l s econd v i r i a l coef f ic ien t 
da t a for the g a s e s . Wi th t h e s e v a l u e s , the left hand s ide of Eq . 1 i s known 
and can be so lved for y, and 6V can be d e t e r m i n e d f r o m y6V = ^ a^. B e ­
c a u s e l iquid s o d i u m a p p r o x i m a t e s v e r y we l l to an i d e a l , u n i v a l e n t , f r e e -
e l e c t r o n nneta l , f u r t h e r s i m p l i f i c a t i o n s a r e p o s s i b l e , e .g . , T]p = ( j E p ) ; 
E p = h ^ k p / 2 m w h e r e m ^ is the e l e c t r o n i c m a s s ; iCp = j and e (x ,0 ) i s 
g iven by the L indhard^" f o r m u l a . 

F o r the c o m p u t a t i o n of Wg ĵ.̂ .̂, the p l a s m o n f r e q u e n c y , 
to i s n e e d e d . M e a s u r e m e n t s of t h i s quan t i t y by e l e c t r o n - l o s s e x p e r i m e n t s 
a r e u s u a l l y c a r r i e d out a t only one t e m p e r a t u r e . We h a v e a s s u m e d tha t 
cOp c a n b e s c a l e d to t he t e m p e r a t u r e s of i n t e r e s t by t he known t e n n p e r a t u r e 
d e p e n d e n c e (ojp p r o p o r t i o n e d to p ' ) of t he i d e a l p l a s m o n f r e q u e n c y of a 
f r e e - e l e c t r o n g a s . In t he few c a s e s w h e r e t he t e m p e r a t u r e d e p e n d e n c e of 
cUp h a s b e e n m e a s u r e d , t h i s a s s u m p t i o n a p p e a r s to be va l id . 

^°J. Lindhard, Kgl. Danske Videnskab. Selskab, Mat. Fys. Medd. 28(8) (1954). 
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TABLE V - 1 . Solubili ty of Noble G a s e s in Liquid Sodiiun {500'C) 

A, 

P i = 

n = 

"^p = 

P h y s i c a l 

7650 a t m 

27.64 (cc 

5.24 e v ' ' 

B, P h y s i c a l P r o p e r t i e s i 
Noble Gases 

He 

(aof 1.384 

(a,)'^ 1.550 

(a), A^ 2.56 

Z Z 

bv, A ' / a t o m 38,5 

Ar 

11.091 

28.16 

3.41 

18 

63.9 

P r o p e r t i e s 

m o r ' ) * 

of 

Xe 

27.340 

116.2 

3.97 

54 

86.8 

of Liquid Sodixim {500°C) 

n„ = 2.179 X 1 0 " ( c c - ' ) * 

Px = 2-86 X 10"* ("C"')* 

Hj = 2.891 X 10"* (a tm' ' ) '= 

C. Con t r ibu t ions to the E x c e s s 
E n e r g i e s of Solution* 

He Ar 

N-Wcomp 2-2 2.8 

N„w^av ' 2 . 6 20.2 

No"a t t r - ' - 5 " 6 7 

Nog''^ (calc) 13.3 16.3 

12.7 ' ' 15.8h 

' 'E . 1, Goltsova, High T e m p . 4, 348 (1966), 
' 'ajp(i5°C) = 5.9 eV, J, L, Robins , P , E, Bes t , P r o c , P h y s , Soc, (London) 79, 

110 (1962), 
'^Y. S. Tre l in , J, N, Vas i l ' ev , V. B. P r o s k u r i n , T, A, Tsyganova , High T e m p , 4, 

F r e e 

Xe 

3.4 

26.8 

-12 .0 

18.2 

18 .1 ' ' 

352 (1966), 
Ref. 19. Atomic un i t s , ^ = m = e - 1, used, 

=See H, Re i s s , Adv, Chem, P h y s , , vol, 9, 1 (1965); C, C, L i m , D, H, Bowman, 
R, A, Aziz, Can, J, Chem. 46, 3477 (1968); G. Boa to ,G. Casanova , P h y 5 i c a 2 7 , 571 (1961), 

'Values in kca l m o l " ' , 
gRef, 21, 
hRef, 22, 
JRef, 23, 
''Ref, 24, 

Rel i ab le e x p e r i m e n t a l Os twald coef f i c ien t s for h e ­
l ium, ' argon,^^'^ ' and xenon^^ in l iquid s o d i u m a r e p r e s e n t e d in F i g . V - 3 
as the m e a n va lues of m u l t i p l e d e t e r m i n a t i o n s a t e a c h t e m p e r a t u r e . C a l ­
culated va lues of X f r o m Eq. 10 a r e i nd i ca t ed by s t r a i g h t l i n e s . C o n s i d ­
er ing the r e l a t ive m a g n i t u d e s of the f r ee e n e r g y t e r m s , t h e i r u n c e r t a i n t i e s , 
and the unce r t a in ty in the e x p e r i m e n t a l r e s u l t s , we conc lude tha t the p r o ­
posed mode l p r o v i d e s a fa i r ly r e l i a b l e c a l c u l a t i o n of the so lub i l i ty of noble 
gases in a liquid m e t a l . 

(2) Binding C a l c u l a t i o n s for Liquid M e t a l s 

As the i n t e r a t o m i c d i s t a n c e i n c r e a s e s , t he p o t e n t i a l 
energy of a p a i r of r a r e gas a t o m s d e c r e a s e s , p a s s e s t h r o u g h a m i n i m u m , 
and then i n c r e a s e s a s y m p t o t i c a l l y to z e r o . The i n t e r a c t i o n i s r e p u l s i v e 
only at the v e r y s m a l l i n t e r a t o m i c d i s t a n c e s w h e r e e l e c t r o n o v e r l a p i s 

Î E. Veleckis, G. Redding, ANL-7675, p. 64 (1970), 
• K. Thormeier, Aiomkemenergie 14, 449 (1969). 
•̂ E. Veleckis, R, Blomquist, R, Yonco, M, Perin, ANL-7325, p. 128 (1967). 
• E. Veleckis. W, Kremsner, ANL/ST-4, p. 44 (December 1970). 



95 

600 550 

- * 1 
- O 
T N 

'^v 

• 

N 
: \ . n 

- \ 
: 
-

-
: 
-

I 

TEMPERATURE. ' C 

500 450 

1 1 

0 

• 

\ 
V 

• 

x'̂ ^ \ y D 

A \ 

1 1 

400 350 300 

1 1 
- O He. VELECKIS et al 
- • - He. THORMEIER 

-O- Ar.VELECKIS et ol. 

- • - flf, THORMEIER 

-^ Xe, VELECKIS et ol. 

O 

N 

• " N ^ O 

\ 
• \ 

\o N 

^ ^\ 

i 1 1 

1 : 

" 
, 
-

— 

-

-̂ _̂ 

• " 
-
" 

-
N 

-

Fig. V-3. Ostwald Coefficients of Helium, Argon, 
and Xenon in Liquid Sodium (dashed, 
dot-dashed, and solid lines, respectively, 
represent Eq. 10 for helium, argon, and 
xenon dissolved in sodium), ANL Neg. 
No, 308-2412, 

c o n s t r a i n e d a c c o r d i n g to the P a u l i 
e x c l u s i o n p r i n c i p l e . At a l l l a r g e r 
s e p a r a t i o n s , the i n t e r a c t i o n is a t ­
t r a c t i v e r e s u l t i n g fronn the i n d u c e d 
d ipo les of the a tonns . 

The s i t ua t ion for a c r y s t a l ­
l ine m e t a l o r a l iquid m e t a l is qui te 
d i f fe ren t . A c c o r d i n g to p s e u d o p o t e n -
t i a l t h e o r y , ^ ' the po t en t i a l for a p a i r 
of ions i m m e r s e d in the s e a of con­
duct ion e l e c t r o n s does not a s y m p t o t ­
i ca l ly a p p r o a c h z e r o a t the l a r g e r 
i n t e r i o n i c d i s t a n c e s , but exh ib i t s i n ­
s t e a d a dannped o s c i l l a t i o n about 
z e r o . T h u s , i n s t e a d of being a t t r a c t ­
ive a t a l l the l a r g e r s e p a r a t i o n s , the 
i n t e r a c t i o n is a l t e r n a t e l y a t t r a c t i v e 
and r e p u l s i v e as d i s t a n c e i n c r e a s e s . 
This l o n g - r a n g e o s c i l l a t o r y b e h a v i o r 
i s a c o n s e q u e n c e of the d i e l e c t r i c 
s c r e e n i n g of the ionic c o r e by the 
s u r r o u n d i n g conduct ion e l e c t r o n s . A 
po ten t i a l of th is f o r m was f i r s t s u g ­
g e s t e d by F r i e d e l , ^ and th is b e h a v i o r 
i s often c a l l e d F r i e d e l o s c i l l a t i o n s . 

It is the p u r p o s e of th is s tudy 
to show that s i m p l e c a l c u l a t i o n s of 
bond e n e r g i e s a l s o s u g g e s t the p r e s ­

ence of r e p u l s i v e i n t e r a c t i o n s in l iquid m e t a l s a t l onger r a n g e s . The bond 
e n e r g y which c h a r a c t e r i z e s the i n t e r a c t i o n be tween a p a r t i c u l a r p a i r of 
a t o m s in a m e t a l is not r e l a t e d in any s i m p l e way to the i on - ion p o t e n t i a l 
for m e t a l s wh ich was d i s c u s s e d above . This l o n g - r a n g e o s c i l l a t o r y p o t e n ­
t i a l p r o v i d e s i n f o r m a t i o n on the w o r k n e c e s s a r y to s e p a r a t e the pa i r of 
ions in the m e t a l l i c s t a t e . The bond e n e r g y , by c o n t r a s t , i s def ined in t e r m s 
of the v a p o r i z a t i o n p r o c e s s , w h e r e the final s t a t e i s an atonnic v ap o r wi th 
l o c a l i z e d e l e c t r o n s . T h u s , bond e n e r g i e s can be e x p e c t e d to be c o n s i d e r a b l y 
l a r g e r than the i o n - i o n po ten t i a l e n e r g i e s in the r e g i o n of o s c i l l a t i o n . Both 
p r o p e r t i e s , h o w e v e r , can p r o v i d e an ind ica t ion of w h e t h e r r e p u l s i v e i n t e r ­
a c t i o n s e x i s t in the m e t a l l i c s t a t e a t the l a r g e r i n t e r i o n i c d i s t a n c e s . 

To find e v i d e n c e of r e p u l s i v e i n t e r a c t i o n s a t l a r g e r 
d i s t a n c e s , i t is n e c e s s a r y to c a l c u l a t e a t l e a s t the f i r s t and s e c o n d n e a r e s t 
n e i g h b o r bond e n e r g i e s , 0i and 02. and th i s r e q u i r e s two t h e r m o d y n a m i c 

2^W. A. Harrison, Pseudopotentials in the Theory of Metals, p, 52, W. A. Benjamin, Inc., New York (1966). 
26j, Friedel, Phil. Mag. 43, 153 (1952). 
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p r o p e r t i e s which a r e r e l a t e d to the b r e a k i n g of m e t a l l i c b o n d s . The s u r ­
face ene rgy of m e t a l s h a s been c h a r a c t e r i z e d in r e c e n t y e a r s by the s o -
ca l led b r o k e n - b o n d m o d e l by wh ich the w o r k r e q u i r e d to c r e a t e two n e w 
in t e r f ace s is r e l a t e d to the n u m b e r of bonds b r o k e n in the p r o c e s s and the 
ene rgy of each type of bond. Tak ing f i r s t and s e c o n d n e a r e s t n e i g h b o r in ­
t e r a c t i o n s into a c c o u n t , M a c k e n z i e , M o o r e , and N i c h o l a s ^ ' d e v e l o p e d e q u a ­
tions for the s u r f a c e e n e r g i e s of d i f f e ren t c r y s t a l f ace s of a g iven m e t a l . 
Supplement ing t he i r s u r f a c e e n e r g y e q u a t i o n s wi th a n a l o g o u s e x p r e s s i o n s 
for the hea t of v a p o r i z a t i o n , i t i s p o s s i b l e to c a l c u l a t e (fi a n d 0^ for a 
v a r i e t y of m e t a l s , 

T h r e e a s s u m p t i o n s a r e m a d e in the bond e n e r g y c a l ­
cu la t ions . F i r s t , the l i q u i d - m e t a l c o h e s i v e e n e r g y is the r e s u l t of p a i r -
wi se i n t e r a c t i o n s be tween f i r s t and s e c o n d n e a r e s t n e i g h b o r s only , wh ich 
can be c h a r a c t e r i z e d by bond e n e r g i e s 0i and 4>z. M o r e d i s t a n t n e i g h b o r s 
a r e neg l ec t ed ; the c a l c u l a t i o n s of N icho la s^ s u g g e s t t h a t th i s i s a s a t i s f a c ­
to ry a p p r o x i m a t i o n . Second , b e c a u s e of l o c a l o r d e r the a t o m s in the l iquid 
i n t e r i o r a r e a s s u m e d to have the s a m e c o o r d i n a t i o n a s a t o m s in the so l id 
l a t t i ce f o r m e d by the m e t a l upon c r y s t a l l i z a t i o n . T h i s c o n c l u s i o n is b a s e d 
on the m o d e s t vo lume change e x p e r i e n c e d by m o s t m e t a l s upon m e l t i n g 
(2 to 4%). Meta l s which c r y s t a l l i z e in to b c c and fee l a t t i c e s wi l l be con ­
s i d e r e d h e r e . T h i r d , the a t o m s in the s u r f a c e l a y e r have the s a m e c o o r d i ­
nat ion that would be e x p e c t e d f r o m c l e a v a g e a long the c l o s e s t - p a c k e d p lane 
with no r e l a x a t i o n or r e a r r a n g e m e n t in the s u r f a c e . The c l o s e s t - p a c k e d 
su r f ace plane is s e l e c t e d b e c a u s e i t h a s the l o w e s t s u r f a c e e n e r g y . 

The h e a t of v a p o r i z a t i o n a t a b s o l u t e z e r o , LQ, i s r e ­
l a ted to the bond e n e r g i e s 0i and 02 t h r o u g h the bulk c o o r d i n a t i o n n u m b e r s . 
In a bcc l a t t i c e , the c o o r d i n a t i o n n u m b e r s for the f i r s t and s e c o n d n e a r e s t 
neighbor a t o m s a r e 8 and 6. T h u s , for e v e r y atonn v a p o r i z e d , four f i r s t 
and t h r e e second n e a r e s t n e i g h b o r bonds a r e b r o k e n and 

Lo = 401 + 302 (bcc) (11) 

S i m i l a r l y , f rom the c o o r d i n a t i o n n u m b e r s of 12 and 6 in a fee l a t t i c e , it 
follows that 

Lo = 601 + 302 (fee) (12) 

The s u r f a c e e n e r g y , wh ich i s a l s o the s u r f a c e t e n s i o n 
at abso lu te z e r o , 70 ' can s i m i l a r l y be r e l a t e d to the bond e n e r g i e s by noting 
that the c l eavage of a l iquid or so l id to p r o d u c e two new s u r f a c e s e a c h of 
a r e a A r e q u i r e s an amoun t of w o r k 2A7. F o r the c l o s e s t - p a c k e d ( l lO) 
plane of a bcc l a t t i ce wi th a uni t c e l l ed-ge l eng th of ao a t a b s o l u t e z e r o , the 

27j. K. Mackenzie, A, J, w. Moore, ]. F. Nicholas, J. Phys. Chem. Solids 23, 185 (1962). 
J. F, Nicholas, Aust, ). Phys. 21, 21 (1968). 
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cleavage of an area V2 ao requires the breaking of four first and four sec­
ond neares t neighbor bonds. Thus, the work required to produce these two 
new surfaces is 

2^2 aJ7o = 401 + 402 (bcc) (13) 

Similarly, for the closest-packed ( i l l ) plane of a fee lat t ice, the cleavage 
of an a rea (V3/4)ao requires the breaking of three first and three second 
nea res t neighbor bonds. Thus 

(V3/2)a^7o = 301 + 302 (fee) (14) 

The density of the liquid at absolute zero, Po, can be used to calculate ao. 
Because the bcc unit cell contains two atoms, ao = 200 = 2 M / N P O , where 
HQ is the atomic volume at absolute zero, M is the molar m a s s , and N is 
Avogadro's number. Similarly, from the fee unit cell with four a toms, 
ao = 4^0 = 4 M / N P O . TO calculate 0i and 02 for bcc meta ls , it is thus nec­
essary to solve simultaneously Eqs, 11 and 13, while for the fee meta l s , 
01 and 02 are found from Eqs, 12 and 14. 

Calculations of 0i and 02 were performed on all liquid 
metals where the L, 7, and p data were sufficiently reliable to extrapolate 
to absolute zero . At absolute zero, L, which is an enthalpy, and 7, which 
is a Helmholtz free energy, both become energies and yield energies for 
01 and 02. Tables V-2 and V-3 show the data employed and the calculated 
bond energies . The resul ts are that (l) 0i is positive, corresponding to an 
attractive first neares t neighbor interaction, and (2) 02 is negative, which 
implies that the second neares t neighbor interaction is repulsive. Thus, 
even from this extremely simple model, an indication is obtained of the ex­
istence of repulsive interactions at larger interionic distances in rne ta l s . 

TABLE V-2. Bond Energ ies for bcc Metals 

Metal 

Li 
Na 
K 

R b 

C s 
C a 
F e 

Lo 
(eV/atom) 

1.624 
1.096 
0.914 
0.840 
0.804 
1.747 
4.135 

Po 
(g /cm' ) 

0.546 
1.02 
0.9105 
1.587 
2.02 
1.613 
8.618 

7o 
(erg/cm^) 

470 
220 
125 

9 5 

80 
4 7 2 

2758 

« i 
(eV/bond) 

0.869 
0.579 
0.462 
0.440 
0.419 
0.563 
1.310 

(eV/bond) 

-0.618 
-0.406 
-0.311 
-0.307 
-0.291 
-0.168 
-0.368 

TABLE V-3 . Bond Energ ies for fee Metals 

Metal 

N i 
C u 

A g 
Al 
P b 

Lo 
(eV/atom) 

4.256 
3.359 
2.877 
3.221 
1.979 

Po 
( s / c m ' ) 

9.908 
9.077 

10.53 
2.626 

11.41 

70 
(erg/cm^) 

2348 
1629 
1136 

9 9 6 
538 

01 
(eV/bond) 

0,928 
0.740 
0.618 
0.602 
0.423 

0i 
(eV/bond) 

-0.437 
-0.361 
-0.277 
-0.330 
-0.186 
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2. T r a n s p o r t P r o p e r t i e s 

a. Conduc t iv i t i e s of Sulfur and Su l fu r -Con ta in ing M i x t u r e s 

Al though m u c h i n f o r m a t i o n h a s been p u b l i s h e d on the e l e c ­
t r i c a l conduct iv i t i es of so l id , c r y s t a l l i n e s e m i c o n d u c t o r s , few da ta a r e 
ava i lab le on the e l e c t r o n i c c o n d u c t i v i t i e s of l iquid e l e m e n t a l s e m i c o n d u c t o r s . 
Because the m e c h a n i s m of conduc t ion in l iqu id s e m i c o n d u c t o r s is not w e l l 
unde r s tood , conduct iv i ty da ta on s y s t e m s of th i s type a r e of c o n s i d e r a b l e 
t h e o r e t i c a l i n t e r e s t . T h e s e da ta a r e a l s o of p r a c t i c a l i m p o r t a n c e b e c a u s e 
of the poss ib le u s e of t h e s e m a t e r i a l s a s ca thode r e a c t a n t s in s e c o n d a r y 
e l e c t r o c h e m i c a l c e l l s . 

sulfur 
Addi t iona l m e a s u r e m e n t s of the conduc t iv i ty of e l e m e n t a l 

and P4S3 w e r e m a d e a t v a r i o u s t e m p e r a t u r e s wi th dc and wi th ac at 
f r e q u e n c i e s of 0 . 1 , 1.0 and 
10.0 k H z . The conduc t iv i ty ce l l s 
w e r e m a d e of q u a r t z or P y r e x , 
and the e l e c t r o d e s w e r e 6 . 3 - m m 
d i a , s p e c t r o g r a p h i c g r a p h i t e r o d s 
wi th an i n t e r e l e c t r o d e d i s t a n c e 
of about 4 m m . The sulfur was 
ob ta ined f r o m the A m e r i c a n 
Smel t ing and Ref ining Co . wi th a 
p u r i t y s p e c i f i c a t i o n of 99.999+% 
and was u s e d wi thou t f u r t h e r 
p u r i f i c a t i o n . The P4S3, a r e l a ­
t ive ly i m p u r e g r a d e of m a t e r i a l 
f r o m the E a s t m a n Kodak Co . , was 
pu r i f i ed by e x t r a c t i o n wi th CS21 
fol lowed by s u b l i m a t i o n . 

The r e s u l t s of the conduc­
t iv i ty m e a s u r e m e n t s on sulfur a r e 
p r e s e n t e d in F i g . V - 4 . T h e s e 
v a l u e s a r e n e a r l y two o r d e r s of 
m a g n i t u d e l o w e r t h a n t hose o b ­
t a ined p r e v i o u s l y (ANL-7650 , 
p . 48) , and they a r e in r e a s o n a b l e 
a g r e e m e n t wi th an e x t r a p o l a t i o n 
of the l o w e r - t e m p e r a t u r e da ta of 
F e h e r and L u t z , as we l l a s the 

two values quoted by M e y e r . " The conduc t iv i ty shows the e x p e c t e d l i n e a r 
r e l a t i onsh ip be tween log /c and I / T ( ° K ) o v e r the t e m p e r a t u r e r a n g e of the 
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Fig. V-4. Specific Conductance of High-Purity 
Sulfur. Cell Material: quartz. Leads: 
tungsten. Electrodes: spectrographic 
graphite. Atmosphere; helium, 1 atm. 
ANLNeg. No. 308-2411. 

^^F. Feher and H. D. Lutz. Z. Anorg. AUg. Chem. 333. 216 (1964). 
-̂ Meyer, Elemental Sulfur, Interscience Publishers, New York (1965). 
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measurements (about 300 to 440°C). The conductivity decreased with in­
creasing frequency, and extrapolation of the ac data to zero frequency gave 
values that agreed well with the dc data. The temperature dependence of 

the dc conductivities corresponds to 
an activation energy of 37.2 kca l /g -
atom, or 1.62 eV. 

TEMPERATURE."C 
375 350 325 3 0 0 275 250 

n 

DIRECT CURRENT 
0 I kHi. oc 
1 0 KHz, oc 

10 0 kHz, ac 

Fig. V-5, Specific Conductance of P4S3 (Pyrex cell 
material, molyhdenum leads, spectro­
graphic graphite electrodes, 1-atmhelium 
atmosphere). ANL Neg. No. 308-2410. 

The r e s u l t s of the P4S3 c o n ­
duct iv i ty m e a s u r e m e n t s a r e shown 
in F i g . V - 5 . The da ta show a l i n e a r 
log /c vs l / T ( ° K ) r e l a t i o n s h i p wi th 
an a c t i v a t i o n e n e r g y of 10.8 k c a l / 
m o l , or 0.47 eV. Al though the da ta 
s c a t t e r s o m e w h a t , p a r t i c u l a r l y a t 
the lower t e m p e r a t u r e s , t h e r e a p ­
p e a r s to be no s y s t e m a t i c d e p e n d e n c e 
of the conduct iv i ty upon f r e q u e n c y . 
T h e s e r e s u l t s , t o g e t h e r wi th t h o s e 
for sulfur and s o m e e a r l i e r da ta on 
s u l f u r - p h o s p h o r u s m i x t u r e s , show 
tha t the conduc t iv i ty of su l fur in ­
c r e a s e s s h a r p l y wi th i n c r e a s i n g 
add i t ions of p h o s p h o r u s up to a con­
c e n t r a t i o n of about 10 a t . %. As the 
p h o s p h o r u s c o n c e n t r a t i o n is i n ­

c r e a s e d wi th in th is r a n g e , the ac t i va t ion e n e r g y of the conduc t iv i ty shows 
a d e c r e a s e . T h e s e a r e r e g a r d e d only a s p r e l i m i n a r y r e s u l t s ; add i t i ona l 
data a r e n e e d e d to gain a fu l ler u n d e r s t a n d i n g of the conduc t ion m e c h a n i s m 
in t h e s e m i x t u r e s . * 

b . T r a n s p o r t S tud ies in Su l fu r -Con ta in ing Ca thodes 

An u n d e r s t a n d i n g of t r a n s p o r t m e c h a n i s m s is e s s e n t i a l to 
to ta l u n d e r s t a n d i n g of the c h e m i c a l and e l e c t r o c h e m i c a l p r o c e s s e s tak ing 
p l ace in su l fur c a t h o d e s (which a r e u s e d in l i t h i u m / s u l f u r s e c o n d a r y c e l l s ) . 
To ga in i n s i g h t into t h e s e m e c h a n i s m s , a s tudy was u n d e r t a k e n of the t r a n s ­
p o r t of r e a c t i o n p r o d u c t s in c a t h o d e s conta in ing sulfur and s u l f u r - p h o s p h o r u s 
c o m p o u n d s . The e x p e r i m e n t a l p lan was to o p e r a t e a L i / L i B r - R b B r / L i in 
S o r /P4S10 ce l l so a s to depos i t a known a m o u n t of l i t h i u m a t the c a t h o d e -
e l e c t r o l y t e i n t e r f a c e , and then to d e t e r m i n e a n a l y t i c a l l y the c o n c e n t r a t i o n 
p r o f i l e s of l i t h i u m - c o n t a i n i n g r e a c t i o n p r o d u c t s in the p o r o u s ca thode 
s t r u c t u r e . By s tudying t h e s e p ro f i l e s as a funct ion of t e m p e r a t u r e , d e p o ­
s i t i on r a t e , and ca thode s t r u c t u r e , i t w a s in t ended tha t t r a n s p o r t p r o p e r t i e s 
s u c h a s diffusion coef f ic ien t s would be d e t e r m i n e d . 

The ce l l d e s i g n e d for t h e s e e x p e r i m e n t s i s shown in 
F i g . V - 6 . Af te r l i t h i u m has been e l e c t r o c h e m i c a l l y t r a n s f e r r e d to the 
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CATHODE LEAD -

MOCIBOENDM CUP—.^ 

CATHODE LEAD TAS -
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CEBAMIC CRUCIBLE 

^STAINLESS CLIP 

CERAMIC SLEEVE 

— STAINLESS HOLDER 

CERAMIC SPACER 

Fig. V-6. Experimental Lithium/Sulfur Cell for 
Mass-Transport Studies. ANL Neg. 
No. 308-2409. 

c a t h o d e , the ca thode is r e m o v e d and 
a l l owed to cool . The q u a r t z c a p is 
then b r o k e n and the ca thode is s e c ­
t ioned for a n a l y s i s . 

F o r the i n i t i a l t r a n s p o r t e x ­
p e r i m e n t s , molybdenunn foam of 75% 
p o r o s i t y was u s e d a s the p o r o u s 
ca thode s t r u c t u r e . The foam had a 
m e a n p o r e s i z e of 19 pim, 80% of the 
p o r e s being in the r a n g e of 8-36 / im. 
The m o l y b d e n u m ca thode was 2.5 cm 
in d i a m e t e r and 0.6 c m th ick and had 
been s o a k e d wi th 3.46 g of P4S10. The 
e l e c t r o l y t e w a s the L i B r - R b B r eu ­
t e c t i c . The ce l l w a s o p e r a t e d a t 375°C 
and d i s c h a r g e d a t a c u r r e n t dens i ty of 
0.1 A / c m ^ for 96 m i n . The ca thode 
w a s then r e m o v e d f r o m the c e l l . 

A c o r e 0.8 c m in d i a m e t e r was t aken f r o m the ca thode . 
Two sec t ions 0.13 c m thick w e r e t aken f r o m the end of the c o r e tha t had 
been in contac t with e l e c t r o l y t e . A n a l y s i s showed l e s s than 5 mg of sulf ide 
in each sec t ion . This c o n t r a s t s with a p p r o x i m a t e l y 50 mg of sulf ide ex­
pected on the b a s i s of the amoun t of l i t h i u m t r a n s f e r r e d . 

The a n a l y s i s i n d i c a t e s tha t v e r y l i t t l e r e a c t i o n p r o d u c t i s 
t r a n s p o r t e d into the po rous m o l y b d e n u m s t r u c t u r e . M i c r o s c o p i c e x a m i n a ­
tion suppor t s this conc lus ion , s i nce the r e a c t i o n p r o d u c t s a p p e a r to be 
concen t ra t ed in a v e r y thin l a y e r a t the s u r f a c e tha t was in con t ac t wi th the 
e l ec t ro ly t e . The c h a r g e - d i s c h a r g e b e h a v i o r of s i m i l a r c e l l s a l s o i n d i c a t e s 
that ve ry l i t t le p roduc t diffuses into the c a t h o d e . S ince th i s b e h a v i o r would 
not be expected on the b a s i s of t e m p e r a t u r e , v i s c o s i t y , or depos i t i on r a t e , 
it a p p e a r s that the cathode c u r r e n t c o l l e c t o r s t r u c t u r e is of g r e a t i m p o r ­
tance in de t e rmin ing the m a s s - t r a n s p o r t b e h a v i o r of r e a c t i o n p r o d u c t s in 
the cathode. 

c. Surface Diffusivity of I ron in Liquid Sod ium 

A study of the r a t e of g r a i n - b o u n d a r y g roov ing of a - i r o n 
(bcc) in l iquid sod ium has been c a r r i e d out to d e t e r m i n e ( l ) the i m p o r t a n c e 
of sur face diffusion in the c o r r o s i o n and t r a n s p o r t p r o c e s s e s tha t o c c u r in 
a sodiunn environnnent and (2) w h e t h e r the s o d i u m e n v i r o n m e n t e n h a n c e s 
s u r f a c e - t e n s i o n - d r i v e n m a s s t r a n s p o r t o v e r tha t o b s e r v e d in a v a c u u m 
env i ronment . In the l a s t annua l r e p o r t ' o f the C h e m i c a l E n g i n e e r i n g 
Division (ANL-7675, p. 66), a d i s c u s s i o n of s a m p l e p r e p a r a t i o n , a n n e a l i n g , 
and i n t e r f e r o m e t r i c exanninat ion w a s p r e s e n t e d , a long wi th s o m e p r e l i m i ­
n a r y r e s u l t s at 800°C. Since then e x p e r i m e n t s w e r e p e r f o r m e d a t 600, 700, 
800, and 880°C, and the r e s u l t s of t h i s f u r t h e r a n a l y s i s a r e p r e s e n t e d h e r e . 



Since the development by MuUins^''^^ of a theory of grain-
boundary grooving, it has been possible to distinguish between the m a s s -
t ranspor t mechanisms of surface and volume diffusion and to determine 
the diffusion coefficient through the rate of groove growth. MuUins has 
shown that 

w = 4.6 (Bt)'/* for surface diffusion 

w = 5.0 (Ct)'^^ for volume diffusion 

(15) 

(16) 

where w is the groove width, t is the annealing t ime, and B and C are 
constants at a given temperature . 
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E x a m i n a t i o n of nnany g r o o v e s on 
each a n n e a l e d a - i r o n s u r f a c e showed 
a v a r i a b i l i t y in g r o o v e wid th . To fa ­
c i l i t a t e c o m p a r i s o n of g r o o v e s on 
d i f fe ren t s p e c i m e n s , the w i d e s t 
g r o o v e o b s e r v e d on e a c h s p e c i m e n 
was s e l e c t e d for k i n e t i c a n a l y s i s . 
The r e s u l t s a r e shown in F i g . V - 7 . 
The da ta a t 880, 800, and 700°C w e r e 
f i t ted to a s t r a i g h t l ine by the m e t h o d 
of l e a s t s q u a r e s , wi th the r e s u l t i n g 
s l o p e s and t h e i r s t a n d a r d dev i a t i ons 
shown. At 600°C, only the s p e c i m e n 
a n n e a l e d for the l o n g e s t t i m e had 
suff ic ient ly \ v e l l - d e v e l o p e d g r o o v e s 
for width m e a s u r e n n e n t . Within 
e x p e r i m e n t a l e r r o r , the s l o p e s 

a g r e e wi th the exponen t of 1/4 in Eq . 15. T h u s , the g r o o v e - g r o w t h k i n e t i c s 
s u g g e s t a s u r f a c e - d i f f u s i o n m e c h a n i s m for a - i r o n in a l iqu id s o d i u m 
e n v i r o n m e n t . 

F r o m the i n t e r c e p t s a t 880, 800, and 700°C, as wel l a s 
f r o m the m a x i m u m g r o o v e width on the s ing le 600°C s p e c i m e n , the p a r a m ­
e t e r B w a s c a l c u l a t e d us ing E q . 15. M u l l i n s ' a n a l y s i s of g r a i n - b o u n d a r y 
g roov ing showed tha t 

Fig. V-7. Log-Log Plot of the Maximum Groove 
Width Versus Annealing Time for 
a-Iron in Liquid Sodium. ANL Neg. 
No. 308-2408. 

B = D s L i ' 7 s L " V k T (17) 

w h e r e DgL ^^ ' ^ ^ diffusion coef f ic ien t for t r a n s p o r t of so l id a t o m s a long 
the s o l i d - l i q u i d i n t e r f a c e , V i s the s u r f a c e a t o m c o n c e n t r a t i o n of the s o l i d , 
7 q j i s the s o l i d - l i q u i d i n t e r f a c i a l t e n s i o n , H is the a t o m i c v o l u m e of the 

31w. W. Mullins, 1, Appl. Phys. 28, 333 (1957). 
32w. W, Mullins, Trans. Met. Soc, AIME 218, 354 (1960). 
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so l id , k is the Bo l t zmann c o n s t a n t , and T is the a b s o l u t e t e m p e r a t u r e . 
Equat ion 17 was u s e d to c a l c u l a t e D g ^ f r o m B. H e r e it was a s s u m e d tha t 
the i r on su r f ace a t o m c o n c e n t r a t i o n is t ha t of the c l o s e s t p a c k e d (l 10) p lane 

wi th V = 2 ' ' ^ ^ Q'^^^. At the t e m p e r a t u r e 
of the e x p e r i m e n t s , fl = 7.8 x 10'^^ c m y 
a t o m . The i n t e r f a c i a l t e n s i o n is t aken to 
be 7SL = ^^^^ e r g / c m ^ . The r e s u l t i n g 
va lues of D g ^ a r e shown in F i g . V - 8 . 
They a r e fit to an A r r h e n i u s equa t ion 

TEMPERATURE, °C 

900 800 700 

„ l 1 
•^^ ^ Q - F e IN No 

_ 
^^sy Q. : 1 6 i 0 1 

^ D; ,= I O ' - " 

a^y W TRANSITION \ ^ v 

AX a - Fe IN VAC \ \ ^ 
0 „ = 2 5 t O 2 . v \ \ 
D*5, = 10 c m / s e c . ^ 

1 1 \ 

600 

eV 
z, 

m/sec _ 

3 s L D § L e x p ( - Q s x y k T ) ( 1 8 ) 

Surface Diffusion Coefficient 
versus Reciprocal Temperature 
for cx-Iron in Liquid Sodium 
(the dashed line is for a-iron 
in vacuum, from ref. 33). ANL 
Neg. No. 308-2407. 

w h e r e D g ^ i s a p r e - e x p o n e n t i a l f a c t o r a n d 

Q S L '̂ ^ ^^^ a c t i v a t i o n e n t h a l p y f o r s u r f a c e 

d i f f u s i o n . T h e l e a s t - s q u a r e s v a l u e s a n d 

s t a n d a r d d e v i a t i o n s f o r t h e s e p a r a m e t e r s 

a r e D § L = l O ' ' ^ - " - ' c m V s e c a n d Q g L = 

1.6 ± 0 . 1 e V / a t o m . E r r o r t h a t m a y b e 

p r e s e n t i n t h e a s s i g n e d v a l u e of 7 s L w i l l 

a f f e c t D g L b u t n o t Q g L -

B l a k e l y a n d M y k u r a ^ ' m e a s u r e d t h e 

s u r f a c e - d i f f u s i o n c o e f f i c i e n t of a - i r o n i n v a c u u m , D g y - T h e i r r e s u l t s , 

s h o w n fo r c o m p a r i s o n i n F i g . V - 7 , w e r e c h a r a c t e r i z e d b y D g y = 10^ c m ^ / 

s e c a n d Q g y = 2 . 5 ± 0 . 2 e V / a t o m , b a s e d o n 7 g v = 2 0 0 0 e r g / c m " ^ a n d t h e 

s a m e v a l u e s of v a n d fi. I t c a n b e s e e n t h a t o v e r n e a r l y a l l t h e a - i r o n 

r a n g e (up t o 9 1 1 ° C ) s u r f a c e d i f f u s i o n i s m o r e r a p i d i n a l i q u i d s o d i u m e n ­

v i r o n m e n t t h a n i n v a c u u m . F u r t h e r m o r e , s u r f a c e d i f f u s i o n i n s o d i u m i s 

found t o o c c u r w i t h a l o w e r a c t i v a t i o n e n t h a l p y t h a n i n v a c u u m . 

d. T h e S i m u l t a n e o u s D e t e r m i n a t i o n of S u r f a c e a n d V o l u m e 

D i f f u s i o n C o e f f i c i e n t s 

M u l l i n s h a s s h o w n t h a t t h e t i m e d e p e n d e n c e of t h e w i d t h of 

a g r a i n b o u n d a r y g r o o v e , w , i s t f o r s u r f a c e d i f f u s i o n ^ ^ a n d t f o r v o l ­

u m e d i f fus ion^^ ( E q s . 15 a n d 1 6 ) . In m a n y s t u d i e s a n e m p i r i c a l g r o w t h l a w 

of t h e f o r m w a t ' ^ " , w h e r e n i s a c o n s t a n t a n d 3 < n < 4 , h a s b e e n d e m ­

o n s t r a t e d , i m p l y i n g t h e c o m b i n e d a c t i o n of s u r f a c e a n d v o l u m e d i f f u s i o n . 

M u l l i n s a n d S h e w m o n ^ ^ d e v e l o p e d a t h e o r e t i c a l e q u a t i o n f o r g r o o v e g r o w t h 

u n d e r t h e c o m b i n e d m e c h a n i s m s , w h e r e t h e v a l u e of D.^ i s u s e d i n a n i t e r a ­

t i v e p r o c e d u r e w i t h t h e g r o o v e - w i d t h m e a s u r e m e n t s t o c a l c u l a t e t h e s u r f a c e 

d i f f u s i o n c o e f f i c i e n t , D g . T h i s p r o c e d u r e i s n o t s u i t a b l e i n s i t u a t i o n s w h e r e 

D.̂ ^ i s u n k n o w n . F o r t h i s c a s e , a n a l t e r n a t i v e m e t h o d of a n a l y s i s w a s f i r s t 

s u g g e s t e d by C h a n g ^ ^ a n d f u r t h e r d e v e l o p e d h e r e w h i c h i s c a p a b l e of y i e l d i n g 

33). M. Blakely, H, Mykura, Acta, Met. U , 399 (1963). 
3 % . W. Mullins and P. G. Shewmon, Acta. Met. 7, 163 (1959) 
35, -R. Chang, Proceedings of the Conference on Nuclear Applications of Non-fissionable Ceramics, Washing-

lon, D.C, 1966, A. Boltax, ed., p. 101. American Nuclear Society, Hinsdale. 111. 
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values of Dg and D^ simultaneously. It is based on a combination of the 
Mullins and Shewmon equation and the empirical w a t'^" growth law. 

According to the theory of Mullins ,^''^^ the development of 
a grain-boundary groove proceeds at the rate dw/dt = |3g/w^ for surface 
diffusion only and dw/dt = jS^/w^ for volume diffusion only. If integrated, 
these equations become w* = 4/3gt and w^ = ifi^t, or, in more familiar 
notation, Eqs . 15 and 16, where 4j3s = (4.6)*B and 3/3.̂ , = (5.0)'C. Mullins 
has shown that the parameters B and C are functions of temperature given 
by B = Dg7n^v/kT and C = D.^,7fi/kT, where 7 is the surface tension, 
fi is the atomic volume, and v is the surface atom concentration. Ac­
cording to Mullins and Shewinon, the groove growth rate for the combined 
action of surface and volume diffusion is the sum of the ra tes by each 
mechanism and thus 

dw/dt s/w^) + (/3v/w') (19) 

On the other hand, the empirical growth law refer red to previously, which 
is deduced from the generally observed linearity of log-log plots of w versus 
t, yields a growth rate of d log w/d log t = l /n , or 

dw/dt = w/nt (20) 

Equating the right-hand members of Eqs. 19 and 20 then yields, after 
rea r rangement , 

Vt = nPg + n£ (21) 

Equation 21 is thus a hybrid of the existing th^eoretical and empirical equa­
tions for groove growth. The resul t implies that a plot of wy t versus w 
should be linear with a slope of n .̂̂ , and an intercept of n/3 To calculate 
/3y and /3g, it is then only necessary to obtain l /n from the slope of a log-
log plot of w versus t. 

To test this method of analysis of grooving kinetics, it is 
necessary to employ data for a metal for which D^ is known from inde­
pendent measurements . Suitable groove-width data were available in 
N. A. Gjostein's study of the groove development of copper in a hydrogen 
atmosphere .^ ' Figure V-9 shows a log-log plot for Gjostein's copper 

a - ONE DETERMINATION 
O- AVERAGE OF THREE 

S 2 0 | - DETERMINATIONS 
Fig. V-9 

Log-Log Plot of Groove Width versus Annealing 
Time for Copper in Hydrogen at 1020°C (data 
of Gjostein^^). ANL Neg. No. 308-2406. 

•̂ N. A. Gjosiein. Trans. AIME 221, 1039 (1961). 
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s p e c i m e n a n n e a l e d a t 1 0 2 0 ° C . F r o m 

a l i n e a r r e g r e s s i o n a n a l y s i s , a s l o p e 

of l / n = 0 . 3 0 7 ± 0 . 0 0 3 i s o b t a i n e d . 

In F i g . V - 1 0 , a p l o t of w * / t v e r s u s w 

i s s h o w n , a n d a l i n e a r r e g r e s s i o n 

a n a l y s i s p r o v i d e s a s l o p e of n^,,^ = 

2 1 0 ± 7 / i m ^ / h r a n d a n i n t e r c e p t of 

'̂ A 8 7 0 ± 140 ( L i m y h r . F r o m t h e 
v a l u e of l / n , i t i s f o u n d t h a t 

6 4 . 5 ± 2 . 2 ^ m ' / h r a n d jSg = 2 6 7 

Linear Analysis for the Simultaneous 
Determination of Surface and Volume 
Diffusion Coefficients for Copper in 
Hydrogen at 1020°C (data of 
Gjostein^B). ANL Neg. No. 308-2405. 

4 4 p.m*/hT. T h u s C 
1-16 

3 / 3 ^ ( 5 . 0 ) ' = 
Fig. V-10. Linear Analysis for the Simultaneous ^^ ^Q ± 0 . 1 5 ) X 1 0 " ' ' c m Y s e c . F i n a l l y , 

w i t h G j o s t e i n ' s v a l u e s of 7 = 1 6 7 0 e r g / 

c m ^ a n d fi = 1.18 x 1 0 " " c m Y a t o m , 

a v o l u m e s e l f - d i f f u s i o n c o e f f i c i e n t of 

D ^ = C k T / y f i = ( 3 . 8 9 ± 0 . 1 3 ) x 

1 0 - ' c m ^ s e c i s o b t a i n e d . C o n s i d e r i n g t h e u n c e r t a i n t y i n 7 , t h i s r e s u l t 

c o m p a r e s f a v o r a b l y w i t h e x i s t i n g v a l u e s ( f r o m t r a c e r s e c t i o n i n g e x p e r i ­

m e n t s ) f o r c o p p e r , w h i c h r a n g e f r o m 2 . 7 x 1 0 " t o 4 . 0 x 1 0 " 

a t 1020°C a f t e r c o r r e c t i o n f o r c o r r e l a t i o n e f f e c t s . 

B . M o l t e n S a l t S t u d i e s 

T h e p h y s i c o c h e m i c a l , t h e r m o d y n a m i c , a n d s t r u c t u r a l p r o p e r t i e s of 

m o l t e n s a l t s c o n t i n u e t o b e of i n t e r e s t . T h e p r e s e n t p r o g r a m i n c l u d e s 

s t u d y of t h e c o m p l i c a t e d b e h a v i o r of a l k a l i h a l i d e - l i t h i u m c h a l c o g e n i d e -

c h a l c o g e n s y s t e m s u s i n g a v a r i e t y of e x p e r i m e n t a l t e c h n i q u e s . T h i s w o r k 

i s of p a r t i c u l a r i n t e r e s t in v i e w of t h e e n e r g y c o n v e r s i o n p r o g r a m d i s ­

c u s s e d in S e c t i o n V . C of t h i s r e p o r t . S t r u c t u r e s t u d i e s , c a r r i e d o u t u s i n g 

s p e c t r o g r a p h i c m e t h o d s , h a v e c o n t i n u e d w i t h r e c e n t e m p h a s i s o n 

p h o s p h o r u s - c h a l c o g e n c o m p o u n d s , i o d a t e i o n i n n i t r a t e m e l t s , a n d d i v a l e n t 

m e t a l i o n s in a l k a l i h a l i d e m e l t s . 

T h e l a t t e r s t u d y i s of i n t e r e s t t o t h e p y r o c h e m i c a l d e c l a d d i n g of 

L M F B R f u e l s d e s c r i b e d in S e c t i o n I . A of t h i s r e p o r t . 

1. T h e r m o d y n a m i c s 

a . P h a s e E q u i l i b r i a of C h a l c o g e n - C o n t a i n i n g S y s t e m s b y 

S o l u b i l i t y M e t h o d s 

M e a s u r e m e n t s of t h e s o l u b i l i t y of L i j S e i n m o l t e n s a l t 

h a v e b e e n e x t e n d e d t o i n c l u d e t h e L i F - L i C l - L i I a n d L i B r - R b B r e u t e c t i c s . 

3''S. J. Rothman, N, L. Peterson, Physica Slants Solidi, 35, 305 (1969). 
38A, Kuper, H, Letaw, Jr., L. Slifkin, E. Sonder, C, T, Tomizuka, Phys. Rev,, 96, 1224 (1954); Phys, Rev, 

1870 (1955). — 

3^M. S. Maier, H. R. Nelson, Trans, AIME. 147. 39 (1942). 
40j. Steigman, W. Shockley, F. C. Nix, Phys. Rev. 56, 13 (1939). 

•'B. V. RoUin, Phys. Rev. 55, 231 (1939). 

P. G. Shewmon, Diffusion in Solids, p. 100, McGraw-Hill Book Co., Inc. (1963). 
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The r e c e n t l y m e a s u r e d s o l u b i l i t i e s of 
LijSe a r e p lo t ted in F i g . V-11 t o g e t h e r 
wi th p r e v i o u s l y r e p o r t e d r e s u l t s for the 
L i F - L i C l e u t e c t i c (ANL-7650 , p . 43) . 
R e s u l t s for the a l l - l i t h i u m e u t e c t i c s l ie 
on a r e a s o n a b l y s t r a i g h t l ine wi th a s l ope 
c o r r e s p o n d i n g to a h e a t of so lu t ion (AHf) 
of 13.3 k c a l / m o l . The da ta poin ts for the 
L i B r - R b B r e u t e c t i c l ie on a l ine of n e a r l y 
the s a m e s l o p e , but d i s p l a c e d s ign i f i can t ly 
to lower so lubi l i ty v a l u e s . The p r e s e n c e of 
a l a r g e ca t ion such a s Rb+ a p p a r e n t l y 
s u p p r e s s e s the so lub i l i ty of S e ' ion. 

Fig. V-ll. Solubilities of Li2Se in Various 
Lithium Halide Containing Eu­
tectics. ANL Neg. No, 308-2404 

P r e v i o u s l y r e p o r t e d v a l u e s for 
the so lub i l i ty of s e l e n i u m in m o l t e n L i F -
L i C I - L i l (ANL-7650 , p . 43) i n d i c a t e d tha t 
v e r y l i t t l e s e l e n i u m (<0 .1 m o l %) d i s ­
so lve s in mo l t en l i t h i u m h a l i d e s in the 
350-500°C r a n g e . A s tudy has b e e n con­

duc ted to d e t e r m i n e the effect of the p r e s e n c e of LijSe on the so lub i l i ty of 
s e l e n i u m in m o l t e n l i t h i u m h a l i d e s . S a t u r a t e d so lu t ions w e r e p r e p a r e d of 
L i jSe , s e l e n i u m , and an L i ^ S e - s e l e n i u m m i x t u r e (Se /Li jSe m o l e r a t i o = 
4.0) in the L i B r - R b B r e u t e c t i c a t 365 ± 1°C. After each so lu te was e q u i l -
i b r a i d wi th the s a l t , a p o r t i o n was f i l t e r ed and a n a l y z e d for s e l e n i u m con­
ten t . A s u b s t a n t i a l i n c r e a s e was noted in the so lub i l i ty of s e l e n i u m f r o m 
the L i jSe -Se m i x t u r e (1,5 m o l %) when c o m p a r e d with the c a s e s w h e r e 
LijSe a lone (0.03 m o l %) and s e l e n i u m alone (0.03 m o l %) w e r e the s o l u t e s . 
T h i s i s p r e s u m e d to be due to the f o r m a t i o n of so lub le p o l y s e l e n i d e s , 
Se" '^, w h e r e the va lue s of x and n r e m a i n to be d e t e r m i n e d . 

M e a s u r e m e n t s of the so lub i l i ty of the L i C l - C s C l and 
L i B r - R b B r e u t e c t i c s in s e l e n i u m have been m a d e a s a funct ion of the 
a m o u n t of Li^Se p r e s e n t . Af te r s a t u r a t i o n of the s e l e n i u m with a s a m p l e 
of each s a l t a t 395 ± 10°C, a po r t ion of the s e l e n i u m p h a s e was f i l t e r e d 
and a n a l y z e d for the c o n s t i t u e n t e l e m e n t s of the s a l t . T h e s e e x p e r i m e n t s 
w e r e then r e p e a t e d wi th Li2Se added to the s a l t - s e l e n i u m m i x t u r e s p r i o r 
to e q u i l i b r a t i o n . 

The so lub i l i ty of ha l ide in s e l e n i u m was found to be v e r y 
low (<0 .1 m o l % at 400°C) w h e t h e r or not Li^Se was p r e s e n t . The c o n c e n ­
t r a t i o n s of Li , R b , and Cs in the s e l e n i u m p h a s e w e r e i n c r e a s e d by the 
p r e s e n c e of L i jSe , p r e s u m a b l y due to the d i s so lu t i o n of Li jSe , Rb^Se, and 
Cs2Se in the l iquid s e l e n i u m . The l a t t e r so lub i l i t i e s a r e c o n s i s t e n t wi th 
p r e d i c t i o n s m a d e f r o m the r e s u l t s of a s tudy of the l i t h i u m - s e l e n i u m 
b i n a r y s y s t e m . 
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Solubi l i ty e x p e r i m e n t s s i m i l a r to t h o s e d e s c r i b e d above 
w e r e a l s o conduc ted on the c o n s t i t u e n t b i n a r y m e m b e r s of the L i j S - S - L i X 
p s e u d o - t e r n a r y s y s t e m (LiX r e p r e s e n t s l i t h i u m h a l i d e e u t e c t i c m i x t u r e s ) . 
The so lub i l i ty of Li2S in L i F - L i C l - L i I a s a funct ion of t e m p e r a t u r e h a s 
a l r e a d y been r e p o r t e d ( A N L - 7 6 5 0 , p . 43) . So lub i l i t i e s of su l fur in LiX have 
not been m e a s u r e d e x t e n s i v e l y , owing to the h igh v a p o r p r e s s u r e of sul fur 
in the t e m p e r a t u r e r e g i o n of i n t e r e s t ; h o w e v e r , they a r e a s s u m e d to be 
v e r y low, and p r e l i m i n a r y e x p e r i m e n t a l r e s u l t s f r o m o t h e r s o u r c e s t end 
to s u p p o r t th is assumption. '*^ The so lub i l i t y of LiX in su l fur a l s o r e m a i n s 
to be m e a s u r e d . 

A s e r i e s of e x p e r i m e n t s w a s c o n d u c t e d to d e t e r m i n e the 
so lub i l i t i e s of su l fu r , Li^S, and a L i j S - s u l f u r m i x t u r e ( S / L I ^ S m o l e r a t i o = 
4.0) in the L i B r - R b B r e u t e c t i c a t 365 ± 5°C. The so lub i l i t y of su l fur a lone 
in L i B r - R b B r was only 0.3 m o l % and tha t of Li^S a lone in L i B r - R b B r w a s 
1.5 m o l %, but as in the c a s e of the s e l e n i u m - s e l e n i d e m i x t u r e s , the so lu ­
bil i ty of the cha lcogen i n c r e a s e d m a r k e d l y in the p r e s e n c e of the l i t h i u m 
cha lcogen ide . The s o l u b i l i t i e s of the s u l f u r - s u l f i d e m i x t u r e s in L i B r - R b B r 
(8-10 mol %) w e r e g e n e r a l l y h i g h e r than t h o s e for the s e l e n i u m - s e l e n i d e 
m i x t u r e s . 

An e x p e r i m e n t to d e t e r m i n e the so lub i l i t y of a Li2S-P4Sio 
m i x t u r e (P4Sio/Li2S m o l e r a t i o = 0.4) was a l s o conduc ted . The so lub i l i t y of 
P4S10 in L i B r - R b B r in the p r e s e n c e of Li^S w a s s ign i f i can t ly l o w e r than the 
solubi l i ty of the Li2S-S m i x t u r e , and the p h o s p h o r u s and su l fur w e r e o b ­
s e r v e d to d i s s o l v e n e a r l y s t o i c h i o m e t r i c a l l y . A p p a r e n t l y the sul f ide i o n s , 
S"^, have m o r e difficulty a t t a ch ing to the c o m p a c t P4S10 c a g e s than to the 
long sulfur cha ins in e l e m e n t a l m o l t e n su l fu r . 

b . P h a s e D i a g r a m s of P s e u d o - T e r n a r y L i t h i u m S e l e n i d e -
Se len ium-AIka l i Ha l ide S y s t e m s 

Inves t iga t ion of t h e s e p s e u d o - t e r n a r y s y s t e m s w a s u n d e r ­
taken to r e s o l v e a p p a r e n t d i s c r e p a n c i e s b e t w e e n the l i t h i u m - s e l e n i u m 
phase d i a g r a m (see Sec t ion V . A . l ) and r e s u l t s of the emf s t u d i e s r e p o r t e d 
in the nex t s u b s e c t i o n ( see a l s o A N L - 7 6 5 0 , p . 42) . The o r i g i n a l a s s u m p t i o n 
tha t the ca thode of the emf ce l l could be c o n s i d e r e d to be a s i m p l e b i n a r y 
l i t h i u m - s e l e n i u m m i x t u r e was a l s o b r o u g h t into q u e s t i o n by the r e s u l t s of 
the solubi l i ty s tud i e s p r e s e n t e d in the p r e c e d i n g s u b s e c t i o n . The emf r e ­
su l t s w e r e , t h e r e f o r e , i n t e r p r e t e d in t e r m s of a ca thode m i x t u r e in wh ich a 
p s e u d o - t e r n a r y s y s t e m e x i s t e d c o m p o s e d of the ce l l p r o d u c t ( l i t h ium 
se l en ide ) , the p u r e ca thode m a t e r i a l ( s e l e n i u m ) , and the m o l t e n s a l t e l e c ­
t ro ly t e (a lkal i ha l ide e u t e c t i c m i x t u r e s ) . The e l e c t r o l y t e s c o n s i d e r e d a r e 
the eu tec t i c m i x t u r e s 59 m o l % L i B r - 4 1 m o l % R b B r , wh ich m e l t s a t 2 7 6 ° C , 

43 
D. M. Gnien (Chemistry Division) has indicated that the solubility of sulfur in LiCl-KCl is extremely low 
based on results of absorption spectral studies. 
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and 11.7 mol % LiF-29.1 mol % LiCl-59.2 mol % Lil, which melts at 
340.1 C. It is assumed in describing the ternary systems that the eutectic 
mixtures behave essentially as single components. 

Having concluded that the behavior of the cathode of the 
emf cell can be interpreted in terms of a pseudo-ternary system, phase 
boundaries within that system can be located by examining the behavior of 
the cell emf as a function of composition and temperature . If, for example, 
the temperature is held constant and the overall cathode composition is 
varied within a two-phase region, then the composition of the two phases 
can be expected to change (unless the changing overall composition happens 
to move along a tie line) and hence the cell emf will change. If, on the 
other hand, the overall composition lies in a three-phase region, changing 
the composition at constant temperature will merely alter the relative 
amounts of the three phases present , but will not al ter their compositions, 
and the emf must remain constant. Thus in a constant- temperature plot of 
emf versus cathode composition, phase boundaries a re identified by dis­
continuities in slope. Such a plot is shown in Fig. V-12. Details of the emf 
measurements a re presented in the next subsection. It can be seen that 
discontinuities in slope occur at 18.8, 28 and 32 nnol % lithium. The 
cathode composition can be represented in several equivalent ways since 
the quantities of alkali halide eutectic and selenium in the cell cathode, 
which are determined by the cell design and the amounts of selenium and 
electrolyte placed in the cell, do not change during cell operation. In 
Fig. V-12, the percent Li is based on the ratio of the moles of Li in the 
cathode to the sum of moles of Li plus moles of Se, exclusive of the lithium 
in the alkali halide electrolyte. Similar plots can be made using data ob­
tained from cells with different relative amounts of selenium and alkali 
halide eutectic in the cathode. The phase-boundary information obtained in 
this way is plotted for the system Li2Se-Se-(LiBr-RbBr) in Fig. V-13 and 
for the system LijSe-Se-(LiF-LiCl-Lii) in Fig. V-14. 

Before considering further the pseudo-ternary sys tems, it 
is necessary to review what is known or presumed concerning the binary 
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Emf as Function of Temperature for 
Li/LiBr-RbBr/Li in Se Cell. ANL 
Neg. No. 308-2403. 
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A TMREt PHASES lOUtNCH 
• TWO PHASES lOUENCHl 
© PHASE BOUNOflRY lEMFI 
& THREE PHASES (EMFI 
H TWO PHASES IE* 
0 OTA (280*PEAK1 
% OTA 1247'PEAKI 
0 DTA (ZZO'PEAK) 

Fig. V-13 
Li2Se-Se-(LiBr-RbBr) Pseudo-
TemarySystemat 360°C. ANL 
Neg. No. 308-2402. 

Fig. V-14 

Li2Se-Se-(LiF-LiCl-LiI) Pseudo-
Ternary System at 390°C. ANL 
Neg. No. 308-2401. 

and p s e u d o - b i n a r y s y s t e m s involved. The l i t h i u m s e l e n i d e - s e l e n i u m b i n a ry 
s y s t e m is known f rom the work on the l i t h i u m - s e l e n i u m s y s t e m d i s c u s s e d 
in Section V . A . l . This s y s t e m h a s a s i m p l e m o n o t e c t i c s t r u c t u r e wi th a 
mono tec t i c t e m p e r a t u r e of 350°C and a m i s c i b i l i t y gap ex tend ing f r o m b e ­
low 0.4 mol % LijSe to 22 m o l % Li^Se. The s e l e n i u m - r i c h l iquid Li 
f r e e z e s at 220°C, the f reez ing point of p u r e s e l e n i u m . The r e l a t i v e l y 
l i t h i u m - r i c h l iquid, L2, e x i s t s be tween the u p p e r l iqu idus and the i n n m i s -
cibi l i ty boundary , both of which r i s e s t e e p l y . L e s s is known about the 
s e l e n i u m - a l k a l i ha l ide s y s t e m s . P r e s u m a b l y they have no i n t e r m e d i a t e 
p h a s e s , al though r u b i d i u m - s e l e n i u m compounds m a y p r e s e n t c o m p l i c a t i o n s 
for the S e - ( L i B r - R b B r ) s y s t e m . The so lub i l i ty s t u d i e s d i s c u s s e d in the 
p reced ing subsec t ion ind ica te that the m u t u a l s o l u b i l i t i e s in t h e s e s y s t e m s 
a r e quite low. The t h e r m a l a n a l y s i s d i s c u s s e d be low shows tha t the p r e s ­
ence of s e l e n i u m does not a l t e r the m e l t i n g point of the a l k a l i ha l ide e u t e c ­
t ics and vice v e r s a . 

On the b a s i s of the data ob ta ined f r o m emf s t u d i e s and 
f rom what is known about the b i n a r y s y s t e m s , the p s e u d o - t e r n a r y i s o t h e r ­
m a l sec t ions shown in F i g s . V-13 and V - 1 4 w e r e p r o p o s e d . The two l iqu id 
phases p r e s e n t in the l i t h ium s e l e n i d e - s e l e n i u m b i n a r y a r e s e e n to ex tend 
into the t e r n a r y phase d i a g r a m at the t e m p e r a t u r e s of t h e s e s e c t i o n s , and 
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the designations Li and L2 are retained. The alkali hal ide-r ich liquid, 
L3, also extends into the ternary diagram. The region of three-liquid 
equilibrium is a part icularly interesting feature of this system. 

To further character ize these sys tems, a se r ies of differ­
ential thermal analysis ( D T A ) curves was obtained for the pseudo-ternary 
system containing LiBr-RbBr. The results are given in Table V-4; the 
compositions of the samples investigated are also indicated on Fig. V-13. 
It can be seen that there are three thermal peaks observed at about 280, 
247, and 220°C. These are associated with the disappearance of L3, L2, 
and Ll, respectively. According to this interpretation, there would be four 
four-phase equilibria or thermal invariants, two of which occur very close 
to pure LiBr-RbBr and are essentially isothermal. These thermal data a re 
entirely consistent with the proposed pseudo-ternary system. The thermal 
data can provide a qualitative idea as to the range of compositions covered 
by L2 and L3. For compositions lying near the lithiunn selenide-selenium 
binary, the peak associated with the disappearance of L3 is not observed. 

T A B L E V-4. S u m m a r y ol DTA Data on Se, LijSe, L i B r - R b B r E u t e c t i c , 
and The i r Binary and T e r n a r y Mix tu res 

Compos i t ion (mol %) Peak T e m p e r a t u r e s of 
Endo the rmic Effects 

Se Eutec t i c Noted^ (X) 

130 2h 

23,4 
16,2 
22,1 

10.0 
20,0 
30,0 
6,0 
14.9 
21,2 
26.2 
4.7 
16,0 
22,8 
52.4 
10.7 
30.4 
17.4 

76.6 
60.3 
71.4 
70.0 
93.0 
85.0 
75.0 
65.0 
80.5 
69.8 
63.8 
58.7 
65.8 
51.8 
50.1 

86.8 
67.5 
14.2 

23.5 
6-5 
30.0 
7.0 
5.0 
5.0 
5.0 
13.5 
15.3 
15.0 
15,1 
29.5 
32.2 
27.1 
47.6 
2.4 
2.1 

68.4 

223 
221'i 
221 
221 
221 , 
222 
222 
221 
222 
22ld 
22 5'' 

221'' 

222 
222 
228 

222 
223 
222 

247 
245 

247 
246 
244 
247 
247 
246 
247 
247 
247 
247 

248 
246 
245 

275 
(267) = 

283 
284 
(270)= 

(270)= 

(260)= 

277 
280 
(263)= 

282 
277 
276 
272 
278 
(274) = 

274 

358= 

3 50f 

3 50f 

^The exact t e m p e r a t u r e of a reac t ion is difficult to d e t e r m i n e using DTA. H e r e we 
cons i s t en t ly r e p o r t peak t e m p e r a t u r e . U n c e r t a i n t i e s of tZ^C due to changing peak 
s i ze might be expected . 

^The only effect seen is the mp of LijSe at 1302°C. This value is conf i rmed by 
o the r me thods . 

'^The Li -Se b ina ry has a mono tec t i c r eac t ion at 350°C. 
*^Peak shows doubling. 
^Values in ( ) a r e s h o u l d e r s (not peaks) and may be a s soc i a t ed with a l iquidus 

c r o s s ing . 
%een on f i r s t hea t ing only. 
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This would seem to indicate that Lj extends far enough into the phase dia­
gram to prevent formation of L3 from these compositions. 

An effort has been made to determine the degree to which 
L2 and L3 extend into the phase diagram by equilibration of samples having 
compositions lying within the three-l iquid region followed by separation of 
the phases for chemical analyses after quenching. To date these efforts 
have failed since, despite rapid separation of Li, L2 and L3 do not sepa­
rate completely. Microscopic examination of the quenched samples shows 
that there are indeed two phases present in addition to Li, but their den­
sities are apparently quite s imilar . Other quenched samples having com­
positions in the two-liquid region between L2 and L3 have been examined 
and have been found to contain two phases , as expected. It seems likely 
that the consolute temperature of the miscibil i ty gap between Lj and L3 is 
not very high, probably below 500°C, 

Fewer supplemental supporting data are available for the 
pseudo-ternary system involving the LiF-LiCl -Li I eutectic. Qualitatively, 
at least, it does not seem to differ greatly from the systems involving the 
LiBr-RbBr eutectic since the emf data show very s imilar behavior. 

c. Thermodynamics of Pseudo-Ternary Lithium Selenide-
Selenium-Alkali Halide Systems by Emf Methods 

As explained in Section B. l .b above, it has been found that 
fused lithium halide-containing electrolytes and l i thium-selenium mixtures 
of certain compositions show significant solubilities in each other. This 
makes it necessary to include the influence of the electrolytes on the be­
havior of emf (and other) cells using these combinations of electrolytes 
and cathodes. This influence has been taken into account by considering 
the electrolyte mixture to be a single component in the pseudo-ternary 
lithium selenide-selenium-electrolyte system. 

The experiments were performed in two ways: (l) The ef­
fect of temperature (280-525°C) on emf was studied for various cathode 
alloy compositions. (2) The effect of l i thium-selenium alloy composition 
on emf was studied for a given tempera ture . Two electrolytes were used 
in the cells: 59 mol % LiBr-41 mol % RbBr (mp = 278°C) and 11.7 mol % 
LiF-29.1 mol % LiCl-59.2 mol % LiBr (mp = 341.9°C). The emf readings 
for a given temperature and composition with the same cell were r ep ro ­
ducible within 3 mV; readings from cell to cell were reproducible within 
about 5 mV. 

Typical resul ts for emf as a function of temperature for 
various lithium-to-selenium mole rat ios are shown in Fig. V-15. The data 
points for the lines marked 10.0 to 27.62 are too numerous and too closely 
spaced to be shown. Note that all of the data in this figure were taken 
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f r o m a c e l l us ing the L i B r - R b B r e u t e c t i c e l e c t r o l y t e , wi th a g iven s e l e n i u m -
t o - e l e c t r o l y t e r a t i o in the s e l e n i u m c o m p a r t m e n t ["Se/^'^Se''" " E ' " 0 .384] . 
T h r e e g e n e r a l t ypes of b e h a v i o r can be no ted in F i g . V - 1 5 . ( l ) F o r l i t h i u m 
c o n t e n t s be low about 19 m o l %, i . e . , ["T i A n ^ j t n g ^ ) ] x 100 < 19.0 , ^ E / d T 
is p o s i t i v e and S E / S In Xj^^ = R T / 2 F . (2) In the r a n g e ~19 to ~28 m o l % L i , 
5 E / B T = 0; bK/d In XLi =; 0. (3) F o r l i t h i u m con ten t s of 32 to a t l e a s t 
46.4 m o l %, S E / S T i s n e g a t i v e and S E / 9 In x^j^ = 0. F i g u r e V-12 shows 
t h e s e t h r e e r e g i o n s in t e r m s of an e m f - v s - c o m p o s i t i o n plot for a t e m p e r a ­
t u r e of 360°C and i n t r o d u c e s a four th r e g i o n be tween 28 and 32 m o l % Li 
in Se . T h e s e four r e g i o n s can be u n d e r s t o o d on the b a s i s of the p s e u d o -
t e r n a r y p h a s e d i a g r a m shown in F i g . V - 1 3 . 

Fig. V-15 

Emf Measurements of the Li/LiBr-
RbBr/Li in Se Cell. ANL Neg. 
No. 308-2400. 

TEMPERATURE. 

The resul ts shown in Fig. V-15 correspond to a line in 
i i g . V-13 drawn parallel to the Li2Se-Se side of the diagram, but located 
at 38.4% of the distance between the LiBr-RbBr corner and the Li2Se-Se 
side. The discontinuous change of slope at 18.8% in Li in Fig. V-15 cor­
responds to the point located at 4.4% Li2Se, 33.9% Se, and 61.7% LiBr-
RbBr in Fig. V-13. This is the location of the phase boundary between the 
regions labeled Li + L3 and Li + L2 + L3 on the two figures. In this man­
ner , the phase boundaries shown in Fig. V-13 were located from the emf 
resul ts and were found to be consistent with the resul ts of the thernnal 
analyses and other resul ts discussed in Section V.B.I . 

It can be seen from Fig. V-13 that liquid Li is selenium 
containing small concentrations of salt (<0.02 mol %) and lithium (<0.5 
moI%); liquid Lj is a l i th ium-selenium-sal t mixture containing (at 360°C) 
the equivalent of 16-23 mol % Li2Se and up to several percent salt; liquid 
L3 is the sa l t - r ich phase containing up to about 6 mol % Li2Se and up to 
about 21 mol % Se (at 360°C). In all two-phase regions, the emf is a func­
tion of connposition (except along t ie- l ines) . 

In the case of the Li + L3 region, it is found from data 
such as those in Fig. V-12 that S E / B In x-^j = R T / 2 F , indicating that two 
electrons and two lithium atoms are involved in the overall cell react ion, 
which may be written 
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2Li + xSe -* Li2Se^ (22) 

The corresponding Nernst equation (with pure lithium as the reference 
electrode) is then 

RT , 
• In 7 . ,x, , 
2F Ll Ll 

(23) 

The activity coefficient of lithium in liquid Li has been calculated from 
Eq. 22 and the results from L i /L iBr -RbBr /L i in Se cells at 360°C. The 
activity coefficient is found to be 3 x 10"'^ and is insensitive to composition 
over the range from iiT,i/(iT ĵ  + ng ) x 100 = 0.2 mol % to saturation of Li, 
which can be as high as 20 mol %. 

In accordance with the phase rule , the ennf is insensitive to 
composition in the Li + L2 + L3 and Li2Se(s) + L2 + L3 regions. As the lith­
ium (or electrolyte) content of the selenium compartment changes, the re la­
tive amounts of the three phases change accordingly, but the activities of 
the three components remain fixed as long as the overall composition r e ­
mains in a three-phase region. 

From the ennf in the Li2Se(s) + L2 + L3 region, and the 
knowledge that the lithium activity in Li saturated with L2 (and L3) is equal 
to the lithium activity in L2 saturated with Lj (and L3), it was possible to 
apply the Gibbs-Duhem equation (assuming that the activity coefficient of 
salt in L2 and L3 was constant) in correcting the free energy of formation 
of Li2Se to unit activities of lithium and selenium. At 360°C, AGf°(Li2Se, s) = 
-94.0 kcal/mol. 

Experiments similar to those described above were also 
performed with the LiF-LiCl-LiI eutectic as the electrolyte. Typical emf-
vs-temperature and emf-vs-composition curves a re shown in Figs . V-16 
and V-17. The resemblances to the corresponding figures with the bromide 

0 350 0 555 

0 AOO 0 504 

Fig. V-16 

Emf Measurements as a Function of 
Temperature for Li/LiF-LiCl-Lil/Li 
in Se Cell. ANL Neg. No. 308-2399. 

TEMPERATURE.-C 



113 

z Jgo'C 

^ =0 5! 

3 C T / ; 

O SINGLE DATA POINT 
• AVERAGED DATA POINT 
& ISO-COMPOSITION POINT 

Fig. v-17 

Emf Measurements as a Function of 
Composition for Li/LiF-LiCl-Lil/Li 
in Se Cell. ANL Neg. No. 308-2398. 

e l e c t r o l y t e a r e c l e a r . The p s e u d o - t e r n a r y p h a s e d i a g r a m , c o n s t r u c t e d 
f r o m the emf da ta for 390°C, i s shown in F i g . V - 1 4 , and is s i m i l a r to tha t 
of F i g . V - 1 3 . The ac t iv i ty coeff ic ient of l i t h i u m in l iquid Li and the f r ee 
e n e r g y of f o r m a t i o n of Li2Se(s) w e r e c a l c u l a t e d f r o m the emf r e s u l t s and 
a r e p r e s e n t e d in T a b l e V - 5 t o g e t h e r wi th the va lues f r o m the b r o m i d e 
e l e c t r o l y t e c e l l . 

T A B L E V - 5 . T h e r m o d y n a m i c R e s u l t s f r o m 
L i / L i x / L i in Se Emf Ce l l s 

E l e c t r o l y t e 

L i B r - R b B r 
L i F - L i C I - L i l 

S t r u c t u r e Inves t i ga 

a. S p e c t r a of P4S7 

AGf(Li2Se, s), 
7Li in L l , 360''C 

360°C ( k c a l / m o l ) 

3 X 10"'^ -94 .0 
3 X 10- '^ - 94 .5 

tions by S p e c t r o s c o p i c Methods 

and P4Se3 

Two p h o s p h o r u s - c h a l c o g e n c o m p o u n d s , P4S7 and P4Se3, 
u n d e r i n v e s t i g a t i o n a s ca thode r e a c t a n t s for e l e c t r o c h e m i c a l c e l l s , have 
been s t u d i e d by R a m a n s p e c t r o s c o p y . The s p e c t r a of so l id and l iquid P4S7 
a r e shown in F i g s . V - 1 8 a and V - 1 8 b . The bands in the l iquid s p e c t r u m a r e 
b r o a d and p o o r l y r e s o l v e d c o m p a r e d wi th t hose in the so l id s p e c t r u m . 
H o w e v e r , the peak f r e q u e n c i e s of the p r i n c i p a l bands and t h e i r r e l a t i v e i n ­
t e n s i t i e s a r e n e a r l y the s a m e for the two s p e c t r a in the r e g i o n f r o m 450 to 
100 cm" ' . 

In P4S7, five of the su l fur a t o m s a r e p r e s e n t in P - S - P 
b r i d g e s , and two of the su l fur atonns a r e in t e r m i n a l P - S b o n d s . The bands 
a t 663 and 667 c m " ' in the s p e c t r u m of the so l id a r e the two s t r e t c h i n g 
m o d e s e x p e c t e d for the t e r m i n a l P - S b o n d s . T h e s e bands a r e not o b s e r v e d 
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Fig. V-18. Raman Spectra of P4S7, 
P4Se3, and P4Sg, ANL 
Neg, No. 308-2397. 

in the s p e c t r u m of l iquid P4S7, which i nd i ­
c a t e s tha t the t e r m i n a l su l fur a t o m s m a y 
be d i s s o c i a t e d in the m o l t e n s t a t e or t ha t 
t h e y m a y u n d e r g o c r o s s - l i n k i n g wi th t e r ­
m i n a l sul fur atonns on ad j acen t P4S7 nnole-
c u l e s . B e h a v i o r s i m i l a r to t h i s h a s been 
p r o p o s e d for the P4Si(| m o l e c u l e (ANL-7650 , 
p . 50). 

The b a n d s be tween 475 and 100 c m " ' 
r e s u l t f r o m s k e l e t a l m o t i o n s of the "P4S5" 
i n n e r c a g e , which a p p e a r s to r e m a i n in tac t 
in the l iquid s t a t e . F r e q u e n c i e s be low 
100 c m " ' for the sol id a r e e i t h e r l a t t i c e 
m o d e s or l o w - f r e q u e n c y s k e l e t a l m o d e s . 

The R a m a n s p e c t r u m of sol id P4Se3 
is shown in F i g . V-18c and the s p e c t r u m of sol id P4S3 in F i g . V-18d for 
c o m p a r i s o n . The s p e c t r a l f r e q u e n c i e s and r e l a t i v e i n t e n s i t i e s a r e l i s t e d 
in Tab le V-6 along with r e s u l t s of a p r e v i o u s R a m a n s tudy of P4Se3 in CS2 
solut ion by I rgo l i c et a l . " The band o b s e r v e d at 601 c m " ' in the CS2 so lu ­
t ion was p r o b a b l y due to u n r e a c t e d p h o s p h o r u s in t h e i r s a m p l e (7̂ 1 for P4 
was r e p o r t e d by P i s to r ius*^ to be a t 606 c m " ' ) . The R a m a n da t a for sol id 
P4S3 a r e in good a g r e e m e n t wi th p r e v i o u s l y r e p o r t e d r e s u l t s of G e r d i n g , 
M a a r s e n , and Nobel . 

TABLE v -6 , Raman Frequencies (cm ') tor P4X3 (X = Se, S)=' 

CS2 Solution 

601 

-
-

363 
317 
214 

-
-
-
-

P j S e , 

b Solid<= 

_ 
481 (10) 
405 (2) 
363 (100) 
322 (14) 
215 (53) 
133 (24) 

-
-
-

P , S , 
Solid<: 

_ 
484 (19) 

-
441 (100) 
418 (20) 
342 (60) 
285 (21) 

2 2 7 , 220 (9) 
57 (13) 
34 (47) 

As signment 

P 4 
P4X, 
P4X3(?) 
P^X, 

P4X3 
P4X3 
P4X, 

P4X5 
lattice mode 
lattice mode 

Numbers in parentheses indicate relative intensity. 
Irgolic et al. 

^This work. 

P4Se3, l ike P4S3, h a s the cage s t r u c t u r e shown a s an i n s e r t 
in F i g . V-18d. F o r th i s s t r u c t u r e wi th C3y p o i n t - g r o u p s y m m e t r y , t en f r e ­
quenc ie s a r e expec ted : four Ai , one A2,' and five E . The Ai and E nnodes 

**K. Irgolic, R. A. Zingaro, M. Kudchadker, Inorg. Chem. 4, 1421 (1965). 
*^C. W. F. T. Pistorius, 1. Chem, Phys, 29. 1421 (1958). 
*H. Gerding. J. W, Maarsen, P, C. Nobel. Rec. trav. chim. 76, 757 (1957). 
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a r e R a m a n and i n f r a r e d a c t i v e , and the Aj m o d e is i n f r a r e d a c t i v e only. 
F i v e of the R a m a n - a c t i v e f u n d a m e n t a l s for P4Se3, and p o s s i b l y a s ix th (if the 
w e a k band a t 405 c m " ' i s indeed a genuine v i b r a t i o n of P4Se3), a r e o b s e r v e d . 
T h e r e m a i n i n g u n o b s e r v e d R a m a n bands m a y be co inc iden t wi th s o m e of the 
o b s e r v e d f u n d a m e n t a l s , too w e a k in i n t e n s i t y to be d e t e c t e d o r at f r e q u e n c i e s 
c l o s e to the exc i t i ng l i n e . 

The band at 481 c m " ' i s a t t r i b u t e d to the s y m m e t r i c s t r e t c h ­
ing m o t i o n of the P3 b a s e . T h i s band o c c u r s a t 484 c m " ' for P4S3, i n d i c a t i n g 
tha t t h e r e i s l i t t l e coupl ing of the b r i d g i n g cha l cogen m o t i o n s wi th the s y m ­
m e t r i c nnotion of the P3 b a s e . I r g o l i c et a l . have a s s i g n e d the m o s t i n t e n s e 
band in t he s p e c t r u m , 363 c m " ' , to the s y m m e t r i c s t r e t c h of the apex p h o s ­
p h o r u s a t o m . The c o r r e s p o n d i n g v i b r a t i o n in P4S3 is shif ted to h i g h e r f r e ­
q u e n c y (441 c m " ' ) , a s expec t ed , due to the l i g h t e r sul fur a t o m s . An a t t e m p t 
i s m a d e in T a b l e V-6 to c o r r e l a t e the r e m a i n i n g P4Se3 bands wi th P4S3 b a n d s 
on the b a s i s of r e l a t i v e i n t e n s i t i e s , but spec i f i c a s s i g n m e n t s for t h e s e v i b r a ­
t i ons m u s t awa i t a c o m p l e t e n o r m a l c o o r d i n a t e a n a l y s i s . 

b . Ioda te S p e c t r u m 

An i n v e s t i g a t i o n of the R a m a n s p e c t r u m of the i oda t e ion, 
IO3 , d i s s o l v e d in m o l t e n n i t r a t e s , h a s been c a r r i e d out a s p a r t of a p r o g r a m 
to s tudy r e a c t i o n s of e l e m e n t a l iodine and i o d i n e - c o n t a i n i n g s p e c i e s wi th 
fused n i t r a t e s . The r e a c t i o n of e l e m e n t a l iod ine wi th s i l v e r n i t r a t e a t 
200°C i s of p a r t i c u l a r i n t e r e s t b e c a u s e of i t s r o l e in the s i l v e r n i t r a t e 
s c r u b b e r t o w e r s u s e d to r e m o v e I f r o m the g a s e s r e l e a s e d d u r i n g the 
r e p r o c e s s i n g of n u c l e a r fue l s . The ioda te ion was s e l e c t e d for i n v e s t i g a ­
t ion b e c a u s e it i s one of the m a j o r r e a c t i o n p r o d u c t s f o r m e d when I2 is con ­
t a c t e d wi th a m o l t e n n i t r a t e . We have a l s o found the I2O5 r e a c t s w i th m o l t e n 
n i t r a t e s to p r o d u c e l O j ' . 

M e l t s con ta in ing ioda te d i s s o l v e d in m o l t e n n i t r a t e •were 
p r e p a r e d by h e a t i n g 15 m o l % I2O5-85 m o l % MNO3 m i x t u r e s (M = L i , Na, 
K, R b , C s , Ag , and TI) for s e v e r a l h o u r s at o r n e a r the m e l t i n g po in t of the 
n i t r a t e . R a m a n s p e c t r a l r e s u l t s for the e n t i r e s e r i e s of e x p e r i m e n t s a r e 
p r e s e n t e d in T a b l e V - 7 . The f r e q u e n c i e s of the n i t r a t e p e a k s for the v a r i ­
ous c a t i o n s a r e in good a g r e e m e n t wi th p r e v i o u s l y p u b l i s h e d spec t ra .** 
T h r e e R a m a n b a n d s tha t could be a t t r i b u t e d to l O j ' w e r e o b s e r v e d for a l l 
of the c a t i o n s . The s t r o n g band in the 770-810 c m " ' r e g i o n w a s p o l a r i z e d 
in a l l c a s e s , and the l o w e s t f r e q u e n c y band in the 290 -340 c m " ' r e g i o n w a s 
d e p o l a r i z e d in al l c a s e s . The s h o u l d e r in the 340-380 c m " ' r e g i o n a p p e a r e d 
to be p a r t i a l l y p o l a r i z e d in s o m e of the s p e c t r a . F o r the c a t i o n s Cs , Ag , 
and Tl"*"', a w e a k d e p o l a r i z e d band w a s o b s e r v e d n e a r 820 c m " ' t h a t m a y a l s o 
be due to l O j ' . H o w e v e r , the n o r m a l l y R a m a n - i n a c t i v e A2 m o d e of N O J ' h a s 
b e e n o b s e r v e d in R a m a n s p e c t r a of m o l t e n AgN03 and TINO3 n e a r 820 c m " ' . * ' 

'*''w. A, Rodger, S. L. Reese, Reactor Fuel-Process. Technol. 12̂ (2), 173 (1969), 
•**$, C. Wait, Jr., A. T. Ward, G. ]. Janz, ). Chem. Phys. 45, 133 (1966). 
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TABLE V-7, Raman Data for Molten MIOj-MNOj Mixtures 

Compos i t ion 

15 mol % I jOj-LiNOj 

15 mol % IjOs-NaNOj 

15 mol % I jOj-KNOj 

15 mol % I jOj-RbNOj 

15 mol % I jOj -CsNOj 

12 mol % IjOs-AgNOj 

18 mol % I jOs-TlNOj 

Temp, 
(°C) 

2 8 0 

300 
340 

4 5 0 

4 7 0 

4 5 5 

1 7 5 

3 0 0 

>'3 

-

-
-
-

8 2 2 

8 2 2 

8 1 7 

Iodate V 

V | 

80 7 

7 9 5 

7 9 3 

7 9 3 

7 8 6 

7 7 6 

7 73 

i b r a t i o n s 

Vl 

3 4 4 

3 6 6 

3 5 1 

3 6 1 

3 50 

3 8 3 

3 4 8 

V 4 

2 9 0 

3 2 3 

3 1 8 

3 1 5 

3 0 8 

3 4 2 

3 0 8 

N i t r a t e 
Vibrat ions 

f j 

1061 

1053 

1046 

1045 

1042 

1039 

1033 

" 4 

7 1 9 

7 1 8 

7 1 7 

7 1 2 

7 1 2 

7 2 9 

7 0 8 

The o b s e r v e d s p e c t r a for IO3 ' a r e m o s t c o n s i s t e n t wi th a 
p y r a m i d a l s t r u c t u r e having C3V s y m m e t r y . We be l i eve tha t for m o s t of the 
ca t ions the a n t i s y m m e t r i c s t r e t c h i n g m o d e v^(E) i s b u r i e d u n d e r the s y m ­
m e t r i c s t r e t ch ing mode , 7'i(Ai), in the 770-810 c m " ' r e g i o n . T h i s o b s e r v a ­
tion is not u n p r e c e d e n t e d for i o d a t e s . D u r e g , Bonner , and B r e a z e a l e * ' w e r e 
able to r e s o l v e v^ and v^ in sol id NalOj , but found tha t in c o n c e n t r a t e d 
aqueous so lu t ions of NaI03, the two v i b r a t i o n s m e r g e d into one s y m m e t r i ­
cal ly shaped band. 

The effect of changing the ca t ion on the s y m m e t r i c s t r e t c h ­
ing v ib ra t ion of each of the an ions is s i m i l a r . Both v, f r e q u e n c i e s a r e 
obse rved to shift s t ead i ly to lower f r e q u e n c i e s with the ca t ion s e q u e n c e 
L l , Na, K, Rb, Cs , Ag, and Tl , which ind i ca t e s in a qua l i t a t i ve way tha t the 
cat ion po l a r i z a t i on effects on l O j ' and N O j ' a r e s i m i l a r . 

c. Divalent Meta l Ion S p e c t r a 

R a m a n s tud ies of d iva len t m e t a l ions in m o l t e n - h a l i d e 
med ia have continued with i nves t i ga t ions of the Z n l 2 - L i C l - K C l s y s t e m and 
a r e inves t iga t ion of the MgCl2-KCl s y s t e m . R a m a n s p e c t r a of m o l t e n s a m ­
p les containing 5 mol % Znl2 in L i C l - K C l and 5 mol % ZnClz in L i C l - K C l 
w e r e iden t ica l , indicat ing that in c h l o r i d e m e l t s conta in ing z inc (II) and low 
leve l s of iodide, the zinc (II) i s a l m o s t e x c l u s i v e l y t ied up in c h l o r i d e c o m ­
p l e x e s . The s p e c t r a a r e m o s t c o n s i s t e n t wi th the p r e s e n c e of Z n C l 4 ^ 
however .^due to the low l e v e l s of z inc (II), al l of the expec ted v i b r a t i o n s 
for Z n C l i w e r e not o b s e r v e d . T h e s e s t u d i e s have he lped in u n d e r s t a n d i n g 
the high Znl2 r e m o v a l eff iciency of the L i C l - K C l cove r sa l t u s e d in the l iquid 
zinc dec ladding p r o c e s s (see Sect ion LD of th i s r e p o r t ) . 

The fact that v e r y l i t t l e if any of the Znl2 d i s s o l v i n g in the 
cover sa l t r e m a i n s in tact exp la ins the low vapor p r e s s u r e of Znl2 in the 

4^ ' " 
J. R. Dureg, O. D. Bonner, W H. Breazeale, ;. Phys. Chem. 69. 3886 (1965). 
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system even at t empera tures near the melting point of liquid zinc. (Raman 
spectra of Znl2-LiCI-KCl samples generated in the decladding process have 
been identical to samples of the same composition prepared by the addition 
of Znl2 to LiCl-KCl.) 

^The complete Raman spectrum of MgCl4^ has been obtained 
using the 5145 A line of a Coherent Radiation Laborator ies MG-52 mixed-gas 
(argon-krypton) ion laser for excitation. Bands are observed at 325 ± 5 cm" ' 
(depolarized), 250 ± 2 cm" ' (polarized), 120 ± 5 cm"' (depolarized), and 
94 ± 5 cm (depolarized). The four-band Raman spectrum, one band polar­
ized and three bands depolarized, is character is t ic of a five-atom te t ra -
hedral species . The following assignments for MgCl4^ under the point 
group T(j can now be made: Vi(Ai) = 250 cm" ' , v^iE) = 94 cm" ' , V3(T2) = 
325 cm , and V4(T2) = 120 cm" . This study confirms an ea r l i e r conclusion 
that the principal monomeric species in MgCl2-KCl melts is MgCl4^ (ANL-
7650, p. 51). It is now possible to make a complete normal-coordinate 
analysis for te t rahedral MgCl4^. This analysis is in p rog re s s . 

C. Energy Conversion 

1. High-Specific-Energy Lithium/Selenium Bat ter ies for 
Implantation 

A program has been undertaken by the Chemical Engineering 
Division of Argonne National Laboratory under the Medical Devices Appli­
cations P r o g r a m of the National Heart and Lung Institute to develop a 
l i th ium/selenium battery suitable for use as an innplantable, rechargeable 
power source for an artificial heart or hea r t - a s s i s t device. For this ap­
plication, the cri t ical measures of performance are the specific energy 
(W-hr/kg), the energy density (W-hr /cm ), and the cycle life (number of 
charge-discharge cycles before failure). The specific power (w/kg) objec­
tive is less cr i t ical , with a total power of 10-30 W required for an e lec­
t r ical ly driven heart-punnp system. The specific energy requirement is 
in the vicinity of 100 W-hr/kg, which would permi t operation of an artificial 
hear t for 10 hr with a battery weight of 1 kg if the average power demand 
were 10 W. The battery is to be recharged by transmitt ing e lec t romag­
netic energy through the skin. 

In the first yea r ' s effort on this program, the major emphasis 
was on cell design, including the development of suitable paste e lectrolytes , 
sealants , insula tors , current col lectors , and housings for the anode and 
cathode. Eighteen 7.5-cm dia cells were constructed, subjected to e lec­
t r ica l performance tes t s , and examined after d isassembly. Two bat te r ies 
of 7.5-cm dia cells were built and tested. The first bat tery was unsealed 
and contained five cel ls . The second one contained six cells and was he r ­
metical ly sealed from the environment. 
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a. S i n g l e - C e l l S tud ies 

The deve lopmen t of r e l i a b l e s ing le ce l l s is an e s s e n t i a l 

s t ep in achieving a s u c c e s s f u l b a t t e r y . C o n s e q u e n t l y , m u c h of the ef for t 

has been d i r e c t e d t o w a r d the c o n s t r u c t i o n and t e s t ing of e x p e r i m e n t a l c e l l s . 

Eighteen single c e l l s , a p p r o x i m a t e l y 7.5 c m in d i a m e t e r wi th an a c t i v e 

e l ec t rode a r e a of about 32 cm^, have been bui l t and s u b j e c t e d to e l e c t r i c a l 

p e r f o r m a n c e t e s t s . 

( l ) Cel l Des ign 

NIOeiUM MESH 
CURRENT COLLECTOR 

Cel l des ign has u n d e r g o n e a p r o c e s s of evolu t ion wi th 

s e v e r a l design i m p r o v e m e n t s being adopted dur ing the c o u r s e of the e igh t ­

een s i n g l e - c e l l t e s t s . A s c h e m a t i c d i a g r a m of a r e c e n t c e l l d e s i g n is given 

in F i g . V - 1 9 . The anode and ca thode 

c u p s , wh ich w e r e about 7.5 c m OD, 

wi th a depth of about 0.5 c m , w e r e 

f a b r i c a t e d e i t h e r by m a c h i n i n g so l id 

s tock or by fo rming f r o m s h e e t m e t a l . 

The anode cu p s , which m u s t be r e s i s t ­

ant to a t t a c k by m o l t e n l i t h i u m , w e r e 

m a d e of t a n t a l u m , s t a i n l e s s s t e e l . 
-HERMETIC SEAL 

I— ELECTROLYTE 
h o t - r o l l e d s t e e l , o r K o v a r . T h e 

Fig. V-19. Single-Cell Design for an Implantable 
Battery. ANL Neg. No. 308-2220. 

c a t h o d e c u p s , w h i c h m u s t b e r e s i s t ­
a n t t o a t t a c k by s e l e n i u m a n d l i t h i u m -
s e l e n i u m n n i x t u r e s , w e r e m a d e of 
t a n t a l u m , b e r y l l i u m , a n d n i o b i u n n . In 

s o m e of t h e c e l l s , c o n c e n t r i c g r o o v e s w e r e m a c h i n e d i n t h e l i p of t h e c u p , 
w h e r e i t b e a r s a g a i n s t t h e p a s t e - e l e c t r o l y t e d i s k , t o e f f e c t a s e a l . T h i s 
t e c h n i q u e p r o v e d e s p e c i a l l y u s e f u l i n s e a l i n g t h e l i q u i d s e l e n i u m w i t h i n t h e 
c a t h o d e c u p . 

M o s t of t h e p a s t e - e l e c t r o l y t e d i s k s c o n s i s t e d of 60 w t % 
L i F - L i C I - L i l e l e c t r o l y t e (a e u t e c t i c m i x t u r e of 1 1 . 7 m o l % L i F , 2 9 . 1 m o l % 
L i C l , a n d 5 9 . 2 m o l % L i l ; m p 3 4 0 . 9 ° C ) a n d 40 w t % a - L i A 1 0 2 f i l l e r . T h e y 
w e r e p r e s s e d a t t e m p e r a t u r e s r a n g i n g f r o m r o o m t e m p e r a t u r e t o 2 0 0 ° C 
w i t h a f o r c e of a b o u t 1 ,200 k g / c m ^ . S o m e of t h e d i s k s w e r e c o a t e d w i t h a 
l o w - m e l t i n g s a l t m i x t u r e i n a n e f f o r t t o d e c r e a s e o r e l i m i n a t e p e r m e a t i o n 
by s e l e n i u m . 

T h e c e l l s w e r e a s s e m b l e d b y t h e f o l l o w i n g g e n e r a l 

p r o c e d u r e . L i q u i d l i t h i u m m e t a l w a s s o a k e d i n t o t h e s t a i n l e s s s t e e l 

F e l t m e t a l ^ ' a n o d e c u r r e n t c o l l e c t o r a t 5 0 0 - 6 0 0 ° C , t h i s t e m p e r a t u r e b e i n g 

50A 

51, 

registered name of a product of the Westinghouse Electric Corporation with the approximate composition 
(wt7o): Fe, 53.7; Ni. 29.0; Co, 17,0; Mn, 0.3. 

Trade name of a product of the Huyck Metals Company with a porosity of 80 to 37<y. and a mean pore 
diameter of 0.02 cm. 
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required to achieve satisfactory wetting. In some of the cells , a small 
amount of the molten-sal t electrolyte was added to the lithium to promote 
wetting of the paste electrolyte by the lithium. The cathode was prepared 
by melting selenium (mp, 220°C) into a corrugated niobium expanded-mesh 
cathode current collector within the cathode cup. This design was used to 
obtain a light-weight, relatively open s t ructure that would promote convec­
tion and diffusion within the cathode. The assembled test cells were held 
under a compressive force by clamping or by tack-welding the peripheral 
ring to the cathode cup. 

(2) Electr ical Performance Results 

The resul ts of the cell performance tests a re sum­
mar ized in Table V-8. The early cells were operated pr imari ly to gain 
experience in the assembly and testing of full-size (7.5-cm dia) cel ls . A 
cell design incorporating a corrugated niobium-mesh cathode current col­
lector was tested in Cell No. 7 in which the paste-electrolyte disk was 
coated with a low-melting salt mixture (LiCl-Lil-KI, mp 260.5°C), and the 
cell was oriented vertically^^ during the test. The voltage-capacity density 
curve is shown in Fig. V-20. The capacity density, 0.64 A - h r / c m , was the 

lABtE V-8. Eleclncal Performance ol Eipenmental Cells 

Cell No. 

1 

) 

Operating 
Temp. 
(»C) 

375-400 

385 

Total 
Duration 
or Test 

(hr) 

~2 

l^ 

Theoretical 
Capacity 
Densrty 

tf l-t ir/cm^) 

O.M 

0,64 

Maximum 
Capacity 
Density 

Actiieved 
lA-hr/cm^l 

0.002 

0.098 

Initial 
Open-
Circuit 
Voltage 

IV1 

2.3 

2.1 

Average 
Voltage 

(V) 

0.6 

0,6 

Current 
Density 
(A/cm?l 

0.02 

0.01 

Short-
Circuit 
Current 
Density 
(A/cm?l 

0.032 

0.021 

Test tirst 7.: 

Purpose ol Experiment 

i-cm dia cell design; Li uppermost. 

Test modified Nb mesh current collector; 
uppermost. 

Li 

023 2.16 1.5 0.02 0.095 lest stainless steel Feltmetal current collector; 
Ll uppermosL 

0.13 2.16 1.0 O.Od * 0.4 Test modilied cell design (grooved cathode cup 

lipl; Li uppermost. 

0.32 2.12 1.7 0,04 0.5 Test Se-uppermost orientation. 

0.30 2,12 1.8 0.04 0.5 Test Se-uppermost orientation. 

0.64 2,3 1.6 0.04 0.25 Test modilied cell design (corrugated current 
collector!; vertical orientation. 

0,08 1.9 0.94 0.04 0.05 Test modified cell design (polylmide composite 
insulalorl; Se uppermost. 

0.08 2.1 1.2 O.Od 0.76 Test modilied cell design (polylmide composite 
insulator ! ; Se uppermost. 

0.25 2.25 1.8 0,04 0.25 Test cell w i lh BN insulator and coated paste; 

vert ical. 

0.29 1.9 1.5 0.O4 0.35 Test cell wi th cast- in-place electrolyte; Se 

uppermost. 

0.29 2.25 1.75 0,04 0.45 Test modilied cell design; vert ical. 

0.25 2.30 1.82 0,04 0.5 Test modified cell design; Se uppermost, 

0.025 2.2 1.98 0,004 0.04 Test 50 wt % electrolyte-50 wt % (i l ler paste,-

vert ical. 

0 1.1 0 0 0 Test sealed ce l l ; vert ical . 

0.082 2.1 1.4 0.04 0.32 Test modilied cell design; vert ical . 

0.082 2.2 1.7 0.04 0.13 Test modilied cell design; vert ical. 

0.37 2.2 1.5 0.036 0.32 Test modified cell design wi th BN insulator ; 
vert ical. 

^ Inc ludes 105 hr on open c i rcu i t . 

52 The plane of the electrolyte disk was oriented vertically. 
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1 ' 1 

DESIGN ENERGY PER CELL 
I T 5 V 1 I3T A-hr • Z4 * - « 

/ 

CURRENT COLLECTOR 

CELL ORIENTATION . 

2 4 6 
1 , 1 

1 ^ ^ 1 ^ 1 
L . / L . F - L , C I - L . I / L . .r S . 

ANODE AREA 31 6 cm' 
CATHODE AREA 31 .6 em« 
CELL TEMPERATURE 365*C 
PASTE DISK 60 wl K ELECTROLYTE 

•y 4 0 » i % o-L iA lO, 

/ INTERELECTRODE DISTANCE 0 305 cm 

~ " ~ ~ " ^ ^ 
Nb EXPANDED MESH | \ , s . ^ ^ 

98% POROSITY 1 ^~~~-~-.,,.^^ 

0 Zlcm DIE SIIE 1 ^ \ 

SINGLE LAYER, CORRUGATED | \ 
VERTICAL 1 \ 

CAPACITY. A- hr . 
e 10 12 14 16 16 20 

1 . l j 1 1 

Fig. V-20 

Voltage-Capacity Density Character­
istics for Cell No. 7. ANL Neg. 
No. 308-2218 Corr. 

DENSITY A- tn /cm* 

highest observed in any of the single-cell tes ts . The electr ical perform­
ance of Cell No. 7 on one discharge was sufficient to meet the requirements 
of a 120 W-hr, 10-W battery of five 7.5-cm-dia cel ls . 

Cells No. 8, 9, and 11 were of a design that employed a 
polyimide-LiAlOj composite insulator in the anode cup. The highest short-
circuit current density, 0.76 A/cm^, was achieved with Cell No. 9. Cell 
No. 11 was the only one tested in which the paste electrolyte was cast in 
place within the cell. A relatively high percentage (50%) of the theoretical 
capacity density was achieved, suggesting that the cast- in-place electrolyte 
might be investigated further. 

Cell No. 10 was similar to Cell No. 7, except that a 
boron nitride ring was used in place of a polylmide gasket as an electrical 
insulator between the anode cup and the electrolyte. The cell was dis­
charged and charged in 6-hr cycles. During the first 6-hr discharge at 
0.04 A/cm^, the cell voltage remained constant at 1.92 V. The IR loss 
during this period was 0.16 V, or about 47% of the total overvoltage. In the 
following 6-hr period, while on automatic charge, the cell became over­
charged, with resulting electrolysis of the electrolyte. During the second 
discharge period, the voltage decreased from 1,9 V to 1.5 V, and in the 
following charge period, the cell developed a short circuit after about 2 hr. 
These results indicate that recharging without short circuiting is possible 
when a suitable material is used as an insulator, but that the current den­
sity must be limited to avoid increasing the IR-free voltage above the de­
composition potential of the electrolyte. 

A new cathode cup design was used in Cells No. 12-15, 
but did not result in a significant improvement in cell performance. Cell 
No. 13 showed that a smooth recharge can be achieved in the horizontal 
orientation without short circuiting. 
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C e l l s No. 16, 17, and 18 w e r e a s s e m b l e d to t e s t a h o t -
p r e s s i n g t e c h n i q u e to effect a t igh t s e a l be tween the p a s t e e l e c t r o l y t e and 
the g r o o v e d s e a l i n g s u r f a c e of the ca thode cup. Ce l l s No. 16 and 17 had a 
g l a s s i n s u l a t i n g s e a l b e t w e e n the anode cup and the p e r i p h e r a l r i n g . T h e 
anode and c a t h o d e c o m p a r t m e n t s w e r e r e v e r s e d as the p e r i p h e r a l r i n g w a s 
o p e r a t e d a t the ca thode p o t e n t i a l , t hus m i n i m i z i n g the p o s s i b i l i t y of l i t h i u m 
d e p o s i t i o n on the r ing du r ing r e c h a r g e (and p o s s i b l e s h o r t - c i r c u i t i n g of the 
c e l l ) . E a r l y s h o r t c i r c u i t s w e r e e x p e r i e n c e d in Ce l l s 16 and 17, a p p a r e n t l y 
b e c a u s e of f a i l u r e of the g l a s s s e a l s . Ce l l No. 18 was of a s i m i l a r d e s i g n , 
w i th the e x c e p t i o n of a b o r o n n i t r i d e r i n g u s e d a s the i n s u l a t o r b e t w e e n the 
anode cup a n d p e r i p h e r a l r i n g and a n o t h e r b o r o n n i t r i d e r i n g b e t w e e n the 
anode cup and the p a s t e e l e c t r o l y t e . The m a x i m u m o p e n - c i r c u i t v o l t a g e 
w a s 2.2 V, but a h igh i n t e r n a l r e s i s t a n c e of 0.64 o h m w a s o b s e r v e d . The 
ce l l w a s d i s c h a r g e d abou t 10 h r a t a c u r r e n t d e n s i t y of 0.036 A / c m ^ . Dur ing 
the f i r s t 2 h r , the vo l t age was about 1.5 V; i t then i n c r e a s e d to about 1.75 V 
w h e r e it r e m a i n e d for 8 h r , p r o d u c i n g a p p r o x i m a t e l y 2 W and 12 A - h r . The 
ce l l w a s then r e c h a r g e d for 6 h r a t 0.02 A / c m ^ . Dur ing th i s p e r i o d , the 

o p e n - c i r c u i t vo l t age i n c r e a s e d r a p ­
idly to 2.05 V, w h e r e it r e m a i n e d 
c o n s t a n t . Data on the f i r s t d i s c h a r g e -
c h a r g e cyc le a r e p r e s e n t e d in 
F i g . V - 2 1 . The ce l l w a s then d i s ­
c h a r g e d a g a i n and r e c h a r g e d for 
6 h r wi th the o p e n - c i r c u i t vo l t age 
i n c r e a s i n g s t e a d i l y f r o m 2.08 V to 
2.1 V, fol lowed by a d i s c h a r g e a t 
0.035 A / c m ^ for 1 h r , w i th an a v e r ­
age t e r m i n a l vo l t age of 1.5 V. The 

Ti«E.«. t e s t wa« t e r m i n a t e d a f t e r 35 h r of 

o p e r a t i o n when a s h o r t c i r c u i t d e -
Fig. V-21. Electrical Performance of Cell No. 18. ^g loped . The p e r f o r m a n c e of th i s 

ANL Neg. No. 308-2396. ^y . ..^ .., ,.u 4. r ..u 
c e l l w a s b e t t e r than t h a t 01 the p r e ­

v i o u s 17 c e l l s . On the f i r s t d i s c h a r g e , 72% of the t h e o r e t i c a l c a p a c i t y 
dens i t y w a s ob t a ined . The d e s i g n and ce l l a s s e m b l y t e c h n i q u e s u s e d for 
Ce l l No . 18 w e r e s e l e c t e d for the s ix c e l l s t ha t w e r e u s e d in the s e a l e d -
b a t t e r y t e s t (Sect ion V .C . l . b of th i s r e p o r t ) . 
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In s e v e r a l of the c e l l s , Li2Se w a s o b s e r v e d in l a r g e 
a m o u n t s a t the i n t e r f a c e b e t w e e n the anode and the p a s t e - e l e c t r o l y t e d i s k . 
Th i s w a s a t t r i b u t e d e i t h e r to l e a k a g e of s e l e n i u m p a s t the p a s t e e l e c t r o ­
l y t e , w h e r e t h e r e w a s e v i d e n c e of c r a c k s o r a poor s e a l , o r to p e r m e a t i o n 
of the e l e c t r o l y t e by s e l e n i u m . The s h o r t c e l l l i f e t i m e s e x p e r i e n c e d in 
t h e s e t e s t s a r e a t t r i b u t e d to the t r a n s p o r t of s e l e n i u m f r o m ca thode to 
a n o d e . A s tudy to d e t e r m i n e how to avo id s e l e n i u m p e r m e a t i o n of the 
e l e c t r o l y t e i s u n d e r way . 
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(3) C o n c l u s i o n s f r o m S i n g l e - C e l l S tud ies 

a) The e l e c t r i c a l p e r f o r m a n c e s t u d i e s have i n d i c a t e d 
that a b a t t e r y of five 7 . 5 - c m - d i a l i t h i u m / s e l e n i u m c e l l s w i l l be c a p a b l e of 
mee t ing the goals of 10 W of p o w e r and an e n e r g y - s t o r a g e c a p a c i t y of 
120 W-hr . Ca lcu la t ions ind ica te tha t s u c h a b a t t e r y wi l l fall wi th in the d e ­
sign l i m i t s of weight ( l . l kg) and s i z e ( l O - c m - d i a , 8 . 4 - c m - h i g h c y l i n d e r ) . 

b) A s u b s t a n t i a l i m p r o v e m e n t is n e e d e d in the cyc le 
life and longevity of the c e l l s . Th i s p r o b l e m is b e l i e v e d to be r e l a t e d to 
the t r a n s p o r t of s e l e n i u m to the anode by l e a k a g e , p e r m e a t i o n of the e l e c ­
t r o l y t e , or so lubi l i ty of s e l e n i u m - b e a r i n g s p e c i e s in the e l e c t r o l y t e . Means 
to avoid s e l e n i u m t r a n s p o r t a r e being i n v e s t i g a t e d . 

c h a r a c t e r i s t i c s . 

c) F u r t h e r work is n e e d e d to i m p r o v e ce l l r e c h a r g e 
This i s c l o s e l y r e l a t e d to the p r e c e d i n g i t e m . 

d) S h o r t - t e r m p e r f o r m a n c e a p p e a r s to be i ndepend­
ent of cel l o r i en ta t ion . 

e) Sui table m a t e r i a l s a p p e a r to be a v a i l a b l e for the 
cel l componen t s . H o w e v e r , l o n g e r - t e r m life t e s t s a r e n e e d e d , and add i t iona l 
work is r e q u i r e d on s e a l a n t s , i n s u l a t o r s , and ce l l a s s e m b l y t e c h n i q u e s . 

Fig. V-22. Schematic Diagram of Unsealed, 
Five-Cell Battery. ANL Neg. 
No. 308-2395. 

b. B a t t e r y S tud ies 

U n s e a l e d and h e r m e t i c a l l y 
s e a l e d 10-W b a t t e r i e s w e r e t e s t e d to 
( l ) e l u c i d a t e b a t t e r y a s s e m b l y p r o b ­
l e m s , (2) d e t e r m i n e e l e c t r i c a l p e r ­
f o r m a n c e , (3) s tudy ce l l i n t e r a c t i o n s , 
and (4) d e t e r m i n e the p e r f o r m a n c e of 
m a t e r i a l s of c o n s t r u c t i o n unde r o p e r ­
at ing c o n d i t i o n s . F u t u r e w o r k v/ill be 
d i r e c t e d t o w a r d i n c r e a s i n g the power 
l eve l to 30 W, and the c y l i n d r i c a l 
shape m a y be mod i f i ed for i m p l a n t a t i o n . 

(1) U n s e a l e d B a t t e r y T e s t 

F o r the u n s e a l e d , f ive-
ce l l b a t t e r y (F ig . V - 2 2 ) , the ce l l des ign 
was s i m i l a r to tha t u s e d in Ce l l s 12 to 
15. The b a t t e r y was a s s e m b l e d in a 
b i p o l a r conf igura t ion wi th the ca thode 
of e a c h ce l l e l e c t r i c a l l y c o n n e c t e d to 
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the anode of the adjacent cell. The cells and battery were assembled in a 
helium glovebox to prevent contamination of the lithium and electrolyte 
disks by water . The battery was operated with the selenium uppermost in 
each cell . During the test , the total battery voltage, the voltage of each 
cell, and the current were continuously monitored and recorded. 

During operation of the battery, a maximum open-
circuit voltage of 10.45 V was obtained. Upon discharge at 1.3 A (0.04 A/ 
cm^), a terminal voltage of over 9.0 V (or the equivalent of about 12 W) 
was maintained for about 1 hr. After about 1.5 hr of operation, the two 
cells located at the lower end of the battery shorted, resulting in a th ree -
cell battery instead of the original five-cell battery. The short circuit was 
attributed to softening of the paste disks, which resulted in a decrease in 
thickness of the paste below that required for separation of the anode and 
cathode. The discharge was terminated after 4 hr when the three-ce l l 
battery reached a potential of 4 V. After the battery had been held on open 
circuit for 1 hr , a charge of 1 A-hr was car r ied out. The battery was then 
discharged as a two-cell battery at a current of 1.3 A. This discharge was 
terminated when the battery reached a potential of 2.2 V after about 1 hr . 
Operation of the battery was finally terminated when a general short c i r ­
cuit occurred. Visual examination of the disassembled battery showed de­
formation of the paste disks and resulting leakage of selenium from the 
cel ls . 

D (NEGATIVE) 

LUMINUM DISK 

INCONEL SPRINGS 

^THERMOCOUPLE 

This was the first attempt to 
build and operate a 10-W battery. The 
operation of the battery at 12 W for 
1.5 hr demonstrated that the light­
weight design employed was capable 
of achieving the specified power level. 
The early failure of the battery i l lus­
t ra ted the need for sealed single cells 
which are free from deformation of 
the paste electrolyte and leakage of 
selenium. 

(2) Sealed Battery Test 

An experimental s ix-cel l 
battery (Fig. V-23) was developed 
which would allow (a) loading the hot 
cells into the housing, (b) welding the 
loaded battery at tempera ture , her ­
metically sealing the battery from the 
environment, (c) leak-testing the 

sealed battery, (d) t ransferr ing the battery at operating temperature from 
the helium glovebox to a hood in an air environment, (e) good temperature 
monitoring, and (f) shunting any inoperable cells out of the circuit . 

BORON NITRIDE SPACER 
ALUMINUM RINGS 

Fig. V-23. Schematic Diagram of Sealed Battery 
ANL Neg. No. 308-2394. 
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E a c h cel l w a s a s s e m b l e d and s e a l e d in a h e l i u m g l o v e ­
box using h o t - p r e s s i n g t e c h n i q u e s ( s ee Sec t ion V . C . I . a . ) . E a c h of the s i x 
ce l l s exhibi ted good e l e c t r i c a l p e r f o r m a n c e p r i o r to t r a n s f e r to the h o u s i n g , 
which was h e a t e d to 350°C. The f i r s t c e l l w a s p l a c e d on a n i o b i u m m e s h 
contact with i ts anode s ide up. Af te r a l l s i x c e l l s w e r e in p l a c e , wi th 
Lavi te i n s u l a t o r s and a l u m i n u m c o n t a c t r i n g s , Incone l s p r i n g s w e r e l o a d e d 
and a s t a i n l e s s s t e e l l id w a s a r c - w e l d e d in p l a c e to s e a l the b a t t e r y . The 
effects of v a r i o u s o r i e n t a t i o n s and m i l d m o t i o n on b a t t e r y p e r f o r m a n c e 
w e r e inves t iga t ed . Dur ing the t e s t , b a t t e r y v o l t a g e , the vo l t age of e a c h 
ce l l , and c u r r e n t w e r e con t inuous ly r e c o r d e d . 

Dur ing the s e a l e d - b a t t e r y t e s t , a m a x i m u m open -
c i r cu i t vol tage of 6.8 V was ob t a ined wi th C e l l s No. 3 , 4 , and 6 funct ioning 
n o r m a l l y and Cel l s No. 1, 2, and 5 deve lop ing l e s s than 0.5 V e a c h . It i s 
su spec t ed that Ce l l s No. 1, 2, and 5 e x p e r i e n c e d e x c e s s i v e t e m p e r a t u r e 
cycling dur ing the c e l l - t r a n s f e r o p e r a t i o n s , wh ich r e s u l t e d in c r a c k i n g of 
the pas te e l e c t r o l y t e s . T h e s e c e l l s w e r e s h u n t e d out of the e l e c t r i c a l c i r ­
cui t , and the s y s t e m was o p e r a t e d a s a 3 - c e l l b a t t e r y . Af te r 1 h r of o p e r a ­
tion in a h e l i u m g lovebox , the b a t t e r y was t r a n s f e r r e d out of the g lovebox 
to an a i r e n v i r o n m e n t wi th no a p p r e c i a b l e change in p e r f o r m a n c e . The 
f i r s t d i s c h a r g e was conduc ted a t 1.25 A (0.04 A / c m ^ ) wi th an a v e r a g e vo l t ­
age of 4.6 V. The b a t t e r y p r o d u c e d about 6 W of p o w e r for o v e r 4 h r wi th 
a total d i s c h a r g e t i m e of 5.5 h r . About 33 W - h r of e l e c t r i c a l e n e r g y was 
obtained in the f i r s t d i s c h a r g e . The b a t t e r y a p p e a r e d to be f a i r l y i n s e n s i ­
t ive to mot ion as we l l as o r i e n t a t i o n . Ce l l s No . 3 and 4 fa i l ed dur ing an 
a t t empted r e c h a r g e . The b a t t e r y vo l t age d e c r e a s e d v e r y r a p i d l y dur ing a 
second d i s c h a r g e , and the t e s t was t e r m i n a t e d . 

The e a r l y f a i l u r e of C e l l s No. 1, 2 , a n d 5 w a s a t t r i b ­
uted to e x c e s s i v e cooling dur ing the ce l l t r a n s f e r o p e r a t i o n . It a p p e a r s that 
this p r o b l e m can be avo ided in fu tu re b a t t e r y t e s t s by e i t h e r (a) d e v e l o p m e n t 
of i s o t h e r m a l c e l l - l o a d i n g t e c h n i q u e s or (b) d e v e l o p m e n t of s ing l e ce l l s 
which can be a s s e m b l e d into a b a t t e r y a t r o o m t e m p e r a t u r e . 

2. H i g h - S p e c i f i c - P o w e r L i t h i u m / S e l e n i u m C e l l s for H y b r i d 
Vehic le Propulsion^"* 

The b a t t e r y p r o g r a m for h y b r i d v e h i c l e p r o p u l s i o n h a s a s i t s 
u l t ima te goal the deve lopmen t of h i g h - s p e c i f i c - p o w e r , m u l t i k i l o w a t t , 
l i t h i u m / s e l e n i u m s e c o n d a r y b a t t e r i e s to p r o v i d e a c c e l e r a t i o n and h i l l -
c l imbing power to s u p p l e m e n t the p r i m e p o w e r s o u r c e in A r m y v e h i c l e s . 
The p r e s e n t , s h o r t e r - t e r m ob jec t ive is to d e v e l o p 7 . 5 - c m - d i a c e l l s c apab l e 
of 1 to 3 W/cm^ s h o r t - t i m e peak power d e n s i t i e s wi th l i f e t i m e s of 1000 to 
2000 hr and 1000 to 2000 c h a r g e - d i s c h a r g e c y c l e s . 

This work is sponsored by the U. S, Army Mobility Equipment Research and Development Center, 
Ft, Belvoit, Virginia. 
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The l i t h i u m / s e l e n i u m c e l l s o p e r a t e a t t e m p e r a t u r e s of 375°C 
or l o w e r , and a r e c o m p o s e d of l iquid l i t h i u m a n o d e s , i m m o b i l i z e d fu sed -
s a l t e l e c t r o l y t e s (in the f o r m of a r i g i d p a s t e ) , and l iquid s e l e n i u m 
c a t h o d e s . 

Ce l l s wi th an e n e r g y dens i t y of 0.5 W - h r / c m ^ at the 1-hr d i s ­
c h a r g e r a t e (0.27 A / c m ^ ) , a s h o r t - t i m e peak power dens i ty of 2.3 w / c m ^ , 
i m p r o v e d c h a r g i n g c h a r a c t e r i s t i c s (0.92 A - h r e f f ic iency) , and the capab i l i t y 
of d e l i v e r i n g 52% of the t h e o r e t i c a l capac i ty dens i ty a t the 1-hr r a t e have 
been d e m o n s t r a t e d . D e v e l o p m e n t of s e a l e d c e l l s with a 100-hr life a t h igh 
p e r f o r m a n c e h a s been u n s u c c e s s f u l . Cyc le l ives of 10 to 13 c y c l e s , wi th 
d e c r e a s i n g p e r f o r m a n c e , have been ob ta ined dur ing o p e r a t i n g p e r i o d s of 
120 h r . The l i f e - l i m i t i n g fac to r has been the t r a n s f e r e n c e of s e l e n i u m 
t h r o u g h the p a s t e e l e c t r o l y t e to the l i t h ium e l e c t r o d e , caus ing an i n c r e a s e 
of i n t e r n a l r e s i s t a n c e and a l o s s of c a p a c i t y . 

a. S i n g l e - C e l l S tud ies 

An a s s e m b l e d 7 . 5 - c m - d i a c e l l , s i m i l a r to a l l ce l l s t e s t e d , 
is shown in F i g . V - 2 4 . The c e l l s w e r e o p e r a t e d in the v e r t i c a l pos i t ion . 
The ca thode c o m p a r t m e n t con ta ined about 507o void vo lume to a l low for 
l i t h ium t r a n s f e r . 

Fig, V-24. Components of Lithium/Selenium Cell with 7.5-cm Dia Paste 
Electrolyte. ANL Neg. No. 308-2393, 

1. Clamping Plate. SS 

2. Insulator, AI2O3 

3. Anode Clover, SS 

7, Paste Electrolyte 

8, Cathode Cup, Nb-1 Zr 

9, Voltage Lead, SS 

4, Springs, Inconel-X 10, Spacer Plate, Nb-1 Zr 

5. Current Lead, SS 

ti. Insulator, BN 

11. SS Feltmetal, 90̂ 0 Porosity, 
67-pm MeanPore Size, 
Containing Li 

12, Nb Mesh, 63% Porosity, 
0.23-cm Die Size, 
(Containing Se 

13, Spring Plate, SS 

14, Cirooved f-athode 
Sealing Surface 
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The p a s t e e l e c t r o l y t e s w e r e p r e p a r e d us ing l i t h i u m a l u m i ­
nate a n d / o r bo ron n i t r i d e f i l l e r (of a p p r o x i m a t e l y 46 m Y g and 7 m y g 
specif ic su r f ace a r e a , r e s p e c t i v e l y ) and L i F - L i C l - L i I e u t e c t i c ( d e s c r i b e d 
in Sect ion V . C . I . a ) . The s u r f a c e s of s o m e p a s t e e l e c t r o l y t e d i s k s w e r e 
coated with the l o w e r - m e l t i n g L i C l - L i B r - L i l - K I - C s I e u t e c t i c in an a t t e m p t 
to e l im ina t e the p e r m e a b i l i t y of the p a s t e e l e c t r o l y t e to s e l e n i u m . T h i s 
eu tec t i c has a c o m p o s i t i o n (in m o l e p e r c e n t ) of 3.7% L i C l - 9 . 1 % L i B r - 5 2 . 3 % 
Li l -15.7% KI-19.2% C s l , and h a s a m e l t i n g poin t of 184°C. 

The e l e c t r i c a l p e r f o r m a n c e of s i n g l e c e l l s i s e v a l u a t e d in 
t e r m s of v o l t a g e - c u r r e n t dens i t y and v o l t a g e - t i m e b e h a v i o r du r ing c o n s t a n t -
c u r r e n t d i s c h a r g e as a funct ion of c e l l s t r u c t u r e and n u m b e r of c h a r g e -
d i s c h a r g e c y c l e s . The effects of v a r i o u s p a s t e - e l e c t r o l y t e t r e a t m e n t s , 
s t r u c t u r a l conf igura t ions of the ca thode c u r r e n t c o l l e c t o r , and c h a n g e s of 
o ther ce l l p a r a m e t e r s a r e being s t u d i e d to ident i fy the ce l l d e s i g n t h a t 
y ie lds the h ighes t power dens i t y and h i g h e s t c a p a c i t y d e n s i t y (with eff icient 
s e l e n i u m u t i l i za t ion) . T a b l e V - 9 s u m m a r i z e s the e l e c t r i c a l p e r f o r m a n c e , 
e x p e r i m e n t a l p u r p o s e , and r e s u l t s for the c e l l s t e s t e d m o s t r e c e n t l y . The 
m a x i m u m ce l l life o b s e r v e d w a s 120 h r and 13 c y c l e s (to 1.0 V) for Ce l l 
No. 17. F i g u r e V-25 shows the vo l t age a s a funct ion of c a p a c i t y and c a p a c ­
ity dens i ty for this c e l l . A c o n s t a n t d i s c h a r g e vo l t age of 1.6 V w a s o b s e r v e d 
for a p p r o x i m a t e l y 20 m i n u t e s du r ing d i s c h a r g e 1. The m a x i m u n n s h o r t -
t ime peak power dens i ty ob ta ined w a s 2.3 w / c m ^ for C e l l No. 21 ( s i m i l a r 
to the r e s u l t s for Cel l No. 9). 

The following g e n e r a l i z a t i o n s w e r e m a d e f r o m the ce l l s 
l i s t ed in Table V - 9 . 

1) S e l e n i u m a p p a r e n t l y l e a k e d onto the s e a l i n g s u r f a c e in 
some of the ce l l s t e s t e d in the v e r t i c a l p o s i t i o n , and LijSe f o r m e d at th is 
su r face during d i s c h a r g e , b r e a k i n g the ca thode s e a l . Th i s p r o b l e m can be 
solved by heat ing ce l l s i n i t i a l l y in a h o r i z o n t a l p o s i t i o n ( e l im ina t i ng expo­
s u r e of the sea l ing s u r f a c e to l iqu id s e l e n i u m ) un t i l the e l e c t r o l y t e m e l t s , 
then ro ta t ing the ce l l to a v e r t i c a l t e s t i n g p o s i t i o n . 

2) Ce l l s us ing a p a s t e e l e c t r o l y t e c o a t e d wi th L i C l - L i B r -
L i l - K l - C s l showed b e t t e r c h a r g i n g c h a r a c t e r i s t i c s and a s l o w e r d e c r e a s e 
in p e r f o r m a n c e with t i m e , e . g . . Ce l l No. 17, F i g . V - 2 5 . 

3) Capac i ty d e n s i t y , s h o r t - t i m e peak p o w e r d e n s i t y , and 
s e l en ium ut i l iza t ion a p p e a r to be dependen t on the s a l t con t en t of the p a s t e 
e l e c t r o l t y e . P a s t e e l e c t r o l y t e c e l l s w i th the h i g h e s t L i F - L i C l - L i I con ten t 
(Cells No. 14 and 19, conta in ing 57 to 70 wt % L i F - L i C l - L i i ) s h o w e d the 
h ighes t capac i ty dens i ty (at the 1-hr r a t e ) and the h i g h e s t s h o r t - t i m e peak 
power dens i ty . Addit ion of e l e c t r o l y t e to s e l e n i u m (Cel l No. 19) a l s o i n ­
c r e a s e d the capac i ty dens i ty a c h i e v e d . T h e r e is s o m e i n d i c a t i o n , h o w e v e r , 
tha t the pas t e s of v e r y high L i F - L i C l - L i l con ten t (70 wt % for C e l l No. 19) 
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a r e susceptible to cracking due to thermal expansion of the electrolyte. Fur ­
ther tests a re required to verify this observation. The percent of selenium 
utilized at the 1-hr rate increases with the weight percent L iF-LiCl -Li l eu­
tectic in the paste electrolyte. This relation may result from an increase in 
the size of the reaction zone for LigSe formation caused either by solubility 
of electrolyte in the cathode mater ia l or by electrolyte flooding at the pas te-
cathode interface. A 37% change in seleniunn utilization was observed for a 
20 wt % change in LiF-LiCl -Li l content of the paste; more information is r e ­
quired at the higher and lower LiF-LiCl-LiI weight percentages to verify 
this . 

TABLf v-9. Electrical Perlormance o( 3l.b-cm^ Lithium/Selenium Cells at 380"C 

Peak Discharge 
Power Current 

Density^ Density 
(W/cm2) (A/cm2) 

Average 
Disctiarge 

Voltage 
Capacity Energy Fraction of 
Density'' Density Theoretical 

(A-hr/cm^l tW-hr/cm^l Capacity 

Fraction ol 
1-tir Rate 
Current 
Densit/^ 

No. ol 
Cycles 

Testing 
Period 
Ihr) Purpose of Experiment 

Z.Z 0.15 

0.4 0.15 

0.6 0.Z6 

1.6 0.27 

1.2 0.2t 

2.3 0.27 

0.4 0.21 

72 Test cathode seal groove 

24 Test paste (60 wt % eutec­

tic) permeability to Se vapor 

Test LiBr-RbBr coated paste 

24 Test LiBr-RbBr coated paste 

30 LiCI-LIBr-LII-KI-Csl In 
seal grooves^ 

60 LiCI-LIBr-LII-KI-Csl coated 
paste 

30 Tesi BN filler paste 

LijSe al anode," poor seal, 
low O.CV. at end ol test.* 

Li2Se at anode, good seal, 
low O.CV. at end of test. 

Ll̂ Se al anode and al 
outer cathode perimeter, 
no Se loss, normal O.CV. 
at end of tesl.^ 
Ll̂ Se at anode and outer 
cathode perimeter, no Se 
loss, mushy paste. 

Ll2Se at anode and at 
outer cathode perimeter, 
no Se loss. 
Ll2Se at anode and at 
outer cathode perimeter, 
no Se loss, longest lest-
ing period, paste fractured 
near seal. 

LIF-LICI-LII coated paste Se leakage, distorted paste. 

56 LICI-LiBr-Lil-KI-Csl coated 
paste 

13 120 LICI-LJBr-LII-KI-Csl coated 
BN and LIAIO^ Uller paste 

8 70 wt % LiF-LiCI-LiI paste 

and salt In Se 

8 LICI-LIBr-LII-KI-Csl coated 
70 wt % paste 

60 LiCI-LIBr-Lil-KI-Csl coated 
BN and LrAI02 paste 

Insulator on cathode seal 

Paste cracked, good 
capacity. 

Ll2Se at anode and at 
outer cathode perimeter, 
no Se loss. 

LijSe al anode and al 
outer cathode perimeter, 
no Se loss, paste Iractured 
near seat, 

Ll2Se at anode and at 
outer cathode perimeter, 
no Se loss. 

45 LICI-LIBr-UI-KI-Csl coaled 
paste 

20 LICI-UBr-LII-KI-Csl coaled 

paste 

28 LICI-UBr-LII-KI-Csl coated 
paste 

Li2Se al anode, poor seal. 

LljSe at anode, poor seal. 

^Short-time peak power density measured a few seconds after closing the circuit. 
^Capacity density measured (or the first discharge during the first hour of cell testing lo a 1.0 V cut-oil. 
tRatio of the discharge current denslly divided by the current density (027 A/cm^l lor a 1-hr discharge lime to 1.0 V. 
••The presence ol Li2Se at the anode Interlace was determined Oy electron microprobe (or 3* o( Ihe cells tested. MosI of the determinations tor Ll2Se were made (rom visual examina­
tion of the anode section. 

^Unless slated otherwise, open-circuit voltage (O.CV.I at cell shut-down was above 2.0 V. 
'NO capacity measurements were made lor these cells. The purpose of these experiments was to determine selenium permeability of the paste electrolyte In Ihe absence ol electrical 
measurements. 

3A good seal was one ol no selenium leakage nor product deposition at the outer cathode perimeter. 
^All subsequent cells contained LICI-LiBr-Lil-KI-Csl eutectic in Ihe cathode seal grooves. 
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,i/L>F-LiCI-LiI/Li m S« 

ELECTRODE AREA,JI6cm^ 
INTESELECTRODE DISTANCE , 0 25 cm 
TEMPERATURE, 375 •€ 
PfiSTE ELECTROLYTE 

5d 4 Hi % ELECTROLVTE 
186 m */. LiAlO, 
M4 •! % BN 
156 Kl % LiCI-LiBf-Lil-KI-Csl EUTECTIC 

THEORETICAL CAPACITY DENSITY. 0 54 A-h.rtm 

DISCHARGE NO. 

UlHHENT DENSITY 

l A / o n ' l 

1 

0 27 

a 

0Z7 

9 

ooe 

CHARGE NO. 1 

0 .22 

2 

0 22 

9 

0 0 6 

Fig. V-25 

Voltage-Capacity Density Curves for 
Lithium/Selenium Cell No. 17. 
ANL Neg. No. 308-2392. 

0 20 Q22 

4) The p r o b l e m which a p p e a r s unaf fec ted by the changes 
made in these ce l l t e s t s is f o r m a t i o n of Li2Se a t the anode and o u t e r ca thode 
p e r i m e t e r . Va r ious e l e m e n t s wi l l be added to the s e l e n i u m and changes 
will be m a d e in the ce l l c o n s t r u c t i o n and t e s t i n g p r o c e d u r e s for fu tu re ce l l 
t e s t s in an a t t e m p t to m i n i m i z e th i s p r o b l e m . 

b . P a s t e E l e c t r o l y t e S tudies 

An i m p o r t a n t a r e a of i n v e s t i g a t i o n of l i t h i u m / s e l e n i u m 
cel ls is the deve lopment of p a s t e e l e c t r o l y t e s of m i n i m u m s e l e n i u m p e r ­
meabi l i ty ( se l en ium t r a n s f e r t h rough p o r e s or m i c r o c r a c k s in the p a s t e ) , 
m a x i m u m s t r e n g t h , m i n i m u m w e i g h t , and m i n i m u m ionic r e s i s t i v i t y to 
s e r v e as s e p a r a t o r s be tween the l i t h i u m anode and s e l e n i u m c a t h o d e . De­
ve lopment work on the p a s t e e l e c t r o l y t e c o n s i s t i n g of m o l t e n L i F - L i C l - L i l 
eutec t ic with a l i t h ium a l u m i n a t e f i l l e r has e m p h a s i z e d ionic r e s i s t i v i t y and 
p e r m e a b i l i t y . 

( l ) R e s i s t i v i t y of P a s t e E l e c t r o l y t e s 

M e a s u r e m e n t s of p a s t e r e s i s t i v i t i e s w e r e c a r r i e d out 
to obtain an indica t ion of the m i n i m u m p o s s i b l e i n t e r n a l ce l l r e s i s t a n c e . 
The m e a s u r e m e n t s w e r e ob ta ined by a d c , p o t e n t i o m e t r i c t e chn ique wi th 
each pas te disk held be tween two l i t h i u m - i m p r e g n a t e d , s t a i n l e s s s t e e l 
F e l t m e t a l d i s k s . F i g u r e V-26 shows e x p e r i m e n t a l and t h e o r e t i c a l r e s i s ­
t ivity r a t io s for p a s t e s a t 350°C as a funct ion of v o l u m e f r a c t i o n of e l e c t r o ­
ly te . The t h e o r e t i c a l va lues a r e b a s e d on M a x w e l l ' s equation^'* for conduct ion 
in he t e rogeneous s y s t e m s ; p a s t e r e s i s t i v i t y / s a l t r e s i s t i v i t y = (2 + f) / (2 - 2f), 
whe re f = volume f rac t ion of f i l l e r . It w a s conc luded tha t the condi t ioning 

R. E, Meredith, C. W. Tobias, in Advances in Electrochemistry and Electrochemical Engineering, vol. 2, 
p. 15, Interscience, New York (1962). 
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- ^ \ "̂  
K; ; l= (2* t ) / (2 -2 i ) ^ ^ \ ^ 

PASTE CONDITIONING; 

O LITHIUM VAPOR AT > 500° C 

A NO CONDITIONING 

D COaTEO WITH LITHIUM 
VACUUM EVAPORATION 

FILd;! 

A 

Q 
9 

BY 

-
-
-

-

^ 

VOLUME FRACTION SALT, l l - l ) 

Fig. V-26 

Dependence of Resistivity Ratios at 
350'C on Salt Content for Paste 
Electrolyte Samples Prepared from 
Lithium Aluminate and the LiF-
LiCl-Lil Eutectic. ANL Neg. 
No. 308-2391. 

t r e a t m e n t s , i n d i c a t e d in F i g . V - 2 6 , w h i c h w e r e i n ­
t e n d e d to p r o m o t e i n t e r f a c i a l c o n t a c t be tween p a s t e 
and l i t h i u m e l e c t r o d e , had no effect on p a s t e r e s i s ­
t i v i t i e s for s a m p l e s conta in ing 40 and 50 wt % s a l t , 
and a l s o tha t p a s t e - e l e c t r o l y t e r e s i s t i v i t i e s e x ­
ceed ing p r e d i c t i o n s f r o m M a x w e l l ' s t h e o r y by f a c ­
t o r s of no m o r e than 1.1 to 1.4 can be r e a l i z e d . 

(2) P e r m e a b i l i t y of P a s t e E l e c t r o l y t e s 

The p e r m e a b i l i t y of p a s t e e l e c t r o l y t e s 
to g a s e o u s h e l i u m i m p l i e s a m e c h a n i c a l i m p e r ­
fec t ion a s the p o s s i b l e c a u s e of the i n t e r e l e c t r o d e 
l e a k a g e of s e l e n i u m o b s e r v e d in ce l l t e s t s and d e ­
s c r i b e d in Sec t ion V .C .2 . a . The d e v e l o p m e n t of 
p a s t e s wi th m i n i m u m p e r m e a b i l i t y was t h e r e f o r e 
c o n s i d e r e d a p r i m a r y ob j ec t i ve . S tud ies of the effect 
of f a b r i c a t i o n p r o c e d u r e on p e r m e a b i l i t y d e m o n ­
s t r a t e d tha t the p r o c e d u r e can be a l t e r e d to p r o d u c e 
p a s t e s wi th s ign i f ican t ly lower p e r m e a b i l i t y . 

We have o b s e r v e d tha t p a s t e s conven t iona l ly p r e p a r e d 
by p r e s s i n g a f i l l e r - s a l t m i x t u r e a r e m o s t p e r m e a b l e , tha t p a s t e s p r e p a r e d 
by the m e t h o d of T a n t r a m et a l . ' ^ (al lowing s a l t to m e l t into a cake of 
f i l l e r - s a l t m i x t u r e ) a r e l e s s p e r m e a b l e , and tha t p a s t e s p r e p a r e d by a l ­
lowing s a l t to m e l t into a cake of p u r e f i l l e r a r e l e a s t p e r m e a b l e . The 
c r a c k i n g of p u r e f i l l e r d i s k s of 7 . 5 - c m d i a m e t e r dur ing the in f i l t r a t ion by 
m o l t e n s a l t w a s the m a i n difficulty to be o v e r c o m e in the d e v e l o p m e n t of 
t h i s l a s t m e t h o d . P u r e f i l l e r d i s k s p r e s s e d a t 1000-1200 k g / c m ^ a l m o s t 
i n v a r i a b l y c r a c k e d . P u r e f i l l e r d i sk s of 7 . 5 - c m d i a m e t e r w e r e s u c c e s s f u l l y 
i n f i l t r a t e d , h o w e v e r , u n d e r the following c o n d i t i o n s : a f i l l e r d i sk , p r e ­
v ious ly p r e s s e d a t 600 k g / c m at 150°C, was h e a t e d to 450-460°C on a t a n ­
t a l u m p la t e p r o t e c t e d f r o m dra f t s wi th the hea t s o u r c e a t the b o t t o m face 
and e d g e s . About 60 to 75% of the r e q u i r e d s a l t w a s added a s a powder to 
the top f a c e , m a i n l y n e a r the e d g e s , in s m a l l i n c r e m e n t s t h a t m e l t e d i m ­
m e d i a t e l y . The s a l t d i s t r i b u t e d th roughou t the d isk by flowing f r o m edge 
to c e n t e r . Af te r cool ing to 25°C at l - 3 ° C / m i n , the d isk w a s o v e r t u r n e d and 
the r e m a i n d e r of the r e q u i r e d s a l t was added s i m i l a r l y . Tab le V - 1 0 , l i s t ing 
the p e r m e a b i l i t i e s of v a r i o u s s a m p l e s , i n d i c a t e s the s ign i f i can t ly lower 
p e r m e a b i l i t y of p a s t e s p r e p a r e d by the i n f i l t r a t i on of p u r e f i l l e r d i s k s . 

c. M a t e r i a l s of C o n s t r u c t i o n 

The d e v e l o p m e n t of r e l i a b l e , l o n g - l i v e d l i t h i u m / s e l e n i u m 
s e c o n d a r y b a t t e r i e s r e q u i r e s c o r r o s i o n - r e s i s t a n t m a t e r i a l s . S e l e n i u m , 

55 A. Tantram, A. Tseung, B. Harris, in Hydrocarbon Fuel Cell Technology, B. Baker, ed., pp. 187-211, 
Academic Press, New York (1965). 
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l i th ium, and the m o l t e n s a l t s u t i l i z e d in t h e s e c e l l s a r e r e l a t i v e l y r e a c t i v e 
and consequent ly a r e c o r r o s i v e to m a n y c o m m o n m a t e r i a l s . The s e l e c t i o n 
of sui table c o r r o s i o n - r e s i s t a n t m a t e r i a l s is a m a j o r r e q u i r e m e n t for the 
successfu l u t i l iza t ion of t he se b a t t e r i e s . 

TABLE V-10. P e r m e a b i l i t i e s of P a s t e E l e c t r o l y t e Di sks to G a s e o u s He l ium^ 

Salt Component of Disk : L i F - L i C l - L J I Eu tec t i c 
F i l l e r Component of Disk: L i th ium a l u m i n a t e , < 100 m e s h 

Fabr ica t ion 
Method 

Conventional^ 

Infiltration of 
pure f i l l e r" 

Conventional^ 

Infiltration 
of mix ture^ 

Infiltration 
of pure filler 

Disk 
Dia 
(cm) 

1.3 

1.3 

7.5 

7.5 

7.5 

Disk 
P r e s s i n g 
P r e s s u r e 
(kg/cm^) 

700-1050 

700-1050 

1300 

1200 

600 

Disk 
P r e s s i n g 

T e m p . 
(°C) 

25-100 

25-100 

200 

150 

150 

Wt % 
Sal t 

50-60 

50-60 

60 

56-57 

- 6 0 

P e r m e 
[ml (STP) 

Solid 
P a s t e 
(25°C) 

2-100 

<0 .8 

1 

0 .09-4 .0 

<0 .04 

m i 

abili ty '" 
n " ' c m " ^ a t m " ' l 

Molten 
P a s t e 

(370-400°C) 

< 3 - 3 0 

< 3 

-

-

-
^The per ineabi l i t i es and condit ions l i s t ed a r e r a n g e s r e p r e s e n t i n g o b s e r v a t i o n s on a number of 

s amples . 
^Cor rec ted to 0 .25-cm th i cknes s . 
'^Disks were p r e s s e d from a pu lve r i zed and s i n t e r e d m i x t u r e of f i l ler and all the r e q u i r e d sa l t . 
°A11 the salt was added by allowing it to m e l t into a cake p r e s s e d f rom f i l le r powder only. 
^A fraction of the sa l t was added by allowing it to m e l t into a cake p r e s s e d f rom a s a l t - p o o r 
mix ture of filler and sal t . 

Ai-5% fie 

BERYLLIUM 

UNITEMP 605 

LOCKILLOV 

NIOBIUM 

m 

^ ^ 50-350 1* TEST 

t - : : - j 550-700 hr TEST 

••.•M,yMWMi 
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^ ^ 

^ S S 
^ iSD 
^ ^ ^ 5 ^ ^ ^ ^ S ^ ^ S $ ^ 

CORROSION RATE , 

Fig. V-27. Corrosion Rates Observed in 20 at. % 
Li-Se Mixtures (temperature, 375°C; 
dynamic isothermal capsule tests). 
ANLNeg. No. 308-2375. 

C u r r e n t e m p h a s i s i s on the 
ca thode c o m p a r t m e n t , wh ich r e q u i r e s 
a m a t e r i a l r e s i s t a n t to the s e l e n i u m 
and l i t h i u m - s e l e n i u m a l loys tha t a r e 
p r e s e n t in the ca thode c o m p a r t m e n t in 
the p a r t i a l l y d i s c h a r g e d s t a t e . Mos t 
c o r r o s i o n t e s t s a r e p e r f o r m e d with a 
20 a t . % l i t h i u m - s e l e n i u m m i x t u r e , 
wh ich was c h o s e n a s r e p r e s e n t a t i v e of 
the ca thode c o m p o s i t i o n of a p a r t i a l l y 
d i s c h a r g e d c e l l . 

F i g u r e V-27 s u m m a r i z e s the 
c o r r o s i o n da ta for the m o r e c o r r o s i o n -
r e s i s t a n t m a t e r i a l s e x a m i n e d in th i s 
p r o g r a m . The r e s u l t s of both s h o r t -
t e r m (50-350 hr ) and l o n g e r - t e r m 
(550-700 h r ) d y n a m i c i s o t h e r m a l c a p ­
su le t e s t s (in which the c o r r o s i o n 
s p e c i m e n is s e a l e d in an e v a c u a t e d 
q u a r t z c a p s u l e along wi th a 20 a t . % 
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L i - S e m i x t u r e and the c a p s u l e r o t a t e d dur ing e q u i l i b r a t i o n to p r o d u c e u n i ­
f o r m s p e c i m e n e x p o s u r e ) a r e i nc luded . C h r o m i u m has c o n s i s t e n t l y d e m o n ­
s t r a t e d the b e s t c o r r o s i o n r e s i s t a n c e to l i t h i u m - s e l e n i u m m i x t u r e s and is 
the p r i m e c a n d i d a t e for u s e in the c o n s t r u c t i o n of c e l l s t ha t wi l l be u s e d in 
i n i t i a l l ife t e s t s . Both b e r y l l i u m and a l u m i n u m have d e m o n s t r a t e d h i g h e r 
v a r i a b i l i t y in c o r r o s i o n r e s i s t a n c e and , on s o m e o c c a s i o n s , have y i e l d e d 
c o r r o s i o n r a t e s l o w e r than tha t of c h r o m i u m . If the c a u s e of th i s v a r i a ­
b i l i t y cou ld be d e t e r m i n e d , one of t h e s e m a t e r i a l s m i g h t p r o v e to be a 
b e t t e r c h o i c e for l o n g - l i v e d c e l l s . 

3- H i g h - S p e c i f i c - E n e r g y L i t h i u m / S u l f u r Ce l l s for E l e c t r i c 
V e h i c l e s ^ ^ 

The u s e of e l e c t r i c a l l y p o w e r e d a u t o m o b i l e s could g r e a t l y d e ­
c r e a s e the a m o u n t of a i r po l lu t ion in u r b a n a r e a s . H o w e v e r , an a l l - e l e c t r i c 
a u t o m o b i l e i s no t p r a c t i c a l a t p r e s e n t b e c a u s e the b a t t e r i e s tha t a r e a v a i l ­
ab le have an insu f f i c i en t e n e r g y - s t o r a g e c a p a c i t y p e r uni t we igh t , and a r e 
t h e r e f o r e h e a v y , bu lky , and too c o s t l y for g e n e r a l c o n s u m e r a c c e p t a n c e . 
The u l t i m a t e goa l of th i s p r o g r a m is to deve lop the t echno logy r e q u i r e d to 
c o n s t r u c t m u l t i k i l o w a t t s e c o n d a r y b a t t e r i e s c apab l e of p o w e r i n g a p r a c t i c a l 
e l e c t r i c f a m i l y a u t o m o b i l e . Such a b a t t e r y m u s t have an e n e r g y - s t o r a g e 
c a p a b i l i t y of 200 W - h r / k g , be ab l e to d e l i v e r power a t a peak r a t e of 
200 w / k g , and c o s t no m o r e than about $ 1 0 / k W - h r . The i m m e d i a t e o b j e c ­
t i v e s of the p r o g r a m a r e to i n v e s t i g a t e the p e r f o r m a n c e c h a r a c t e r i s t i c s of 
l i t h i u m / s u l f u r c e l l s , to d e v e l o p a ce l l d e s i g n s u i t a b l e for v e h i c l e a p p l i c a ­
t ion , and to ident i fy a p p r o p r i a t e m a t e r i a l s of c o n s t r u c t i o n . 

a. S i n g l e - C e l l S tud ies 

The ob j ec t i ve of the s i n g l e - c e l l s t u d i e s is to d e t e r m i n e 
t h o s e cond i t i ons u n d e r wh ich the c e l l s w i l l d e l i v e r c a p a c i t y d e n s i t i e s of 
0.4 A - h r / c m ^ o r g r e a t e r a t c u r r e n t d e n s i t i e s of 0.3 to 1.0 A / c m . T h e s e 
c r i t e r i a a r e b a s e d on the p e r f o r m a n c e r e q u i r e m e n t s of an e l e c t r i c f ami ly 
a u t o m o b i l e and an a s s u m e d b a t t e r y c o n f i g u r a t i o n . 

E l e c t r i c a l p e r f o r m a n c e t e s t s w e r e c o n d u c t e d on c e l l s of the 
type L , i / L i x / S , L , i / L i x / P 4 S i o , and L , i / L i x / P 4 S 3 , w h e r e LiX r e p r e s e n t s a m o l ­
ten h a l i d e s a l t con ta in ing l i t h i u m c a t i o n s . The e x p e r i m e n t a l c e l l s , wi th 
e l e c t r o d e a r e a s of 1 to 5 cm^, w e r e o p e r a t e d a t t e m p e r a t u r e s of abou t 325 
to 400°C u n d e r a h e l i u m a t m o s p h e r e . The ce l l c o n f i g u r a t i o n , c a t h o d e 
c u r r e n t - c o l l e c t o r s t r u c t u r e , and c a t h o d e r e a c t a n t w e r e i n v e s t i g a t e d b y 
m e a n s of e l e c t r i c a l p e r f o r m a n c e t e s t s . In g e n e r a l , the anode c o n s i s t e d of 
l i qu id l i t h i u m c o n t a i n e d in s t a i n l e s s s t e e l F e l t m e t a l , and the c a t h o d e was 
m o l t e n s u l f u r , P4S10. or P4S3 c o n t a i n e d in a p o r o u s c u r r e n t - c o l l e c t o r 

^^This work was sponsored by the National Air Pollution Control Administration of CPE, Public Health 
Service, U.S. Dept. of Health, Education and Welfare. 
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structure. The anode and cathode assemblies were immersed in the molten-
salt electrolyte with an interelectrode distance of 0.3 to 1.0 cm. 

Electr ical performance tests were conducted on a se r ies 
of cells to determine the effects of different operating conditions and var i ­
ations in the cell design. Most of the lithium/sulfur cells had an open-
circuit potential of 2.1 to 2.38 V and a shor t -c i rcui t current density be­
tween 4.8 and 8.5 A/cm^. 

The effect of temperature on cell performance was investi­
gated briefly. When two identical cells were discharged at the same cur­
rent density (l.O A/cm^), but at different temperatures (364 and 385°C), 
the capacity densities above 1.0 V were 0.022 and 0.062 A-hr /cm^, respec­
tively. A similar result was obtained when a cell with a molybdenum-foam 
cathode current collector was operated with current densities of 0.33 and 
1.0 A/cm^ at temperatures between 350 and 400°C. The capacity density of 
the cell nearly doubled with a 50°C increase in temperature (0.092 vs . 
0.056 A-hr/cm^ above 1.0 V). With the present cell designs and mater ia ls , 
it appears that a minimum operating temperature of about 375°C is required 
to achieve acceptable capacity density. Lower temperature operation may 
become possible, however, if chemical additives can be used to decrease 
the viscosity of sulfur, or if other techniques can be used to increase the 
diffusion rate of the product within the cathode. 

Similar cells were operated with sulfur, P4S10, and P4S3 
cathodes to evaluate the feasibility of using phosphorus as an additive in 
sulfur cathodes. The results of the electrical performance tests are listed 
in Table V - l l . The P4S3 cell was inferior to the other two with respect to 
both capacity density and energy density. The lithium/sulfur cell is theo­
retically capable of achieving higher capacity densities, if the sulfur can be 
fully utilized, because of its higher capacity per unit volume or weight. The 
lithium/P4Sio cell warrants further investigation because a higher energy 
density may be possible, and because practical design problems could be 
alleviated by its lower vapor pressure . 

TABLE V-U Comparrson ol Lilhium/Sullur, Lilhium/PaSlo, and Lithium/P4S3 Cells 

Anode 
Cathode: 
Eleclrolyle: 
Intereleclrode distance: 1 cm 
Cathode currenl collector- stainli 

llhium 
IS indicated 

Br eutectic salt Imp -278°CI 

i steel Feltmetal, 80a porosity, 29 um n 

Sulfur 

Sultur 

P4S10 

Pj^io 

Temp 

375 

355 
365 

375 

368 

Current 
Density 
(A/cmO 

0.57 

0.d6 
Q,3A 

0,12 

0.?1 
0.31 
0,52 

Ttieoretical 
Capacity 
Density 

lA-hr/cm2| 

0.50 

0-73 

0.40 

0,39 

Capacity 
Density 

alwve 1.0 V 
(A-tir/cm^l 

O.IW 

0.119 
0.174 
0.022 
0,103 

0,07J 

0.015 
0.009 
0.007 

Stiort-Circuil 
Current 
Density 
(A/cm^l 

6,5 

-

Open-Circuit 
Voltage (V) 

2.3 

2.3 

2.5 

2.5 

Cathode 
Material 

P4510 

P4S1O 

^Ah 

Temp 
("Cl 

373 

340 
357 
372 

377 

Current 
Density 

0.21 
0.31 

0.31 

0.31 

0,13 
0.33 
0.41 
0.64 

Ttieorelical 

Density 
lA-tir/cm2) 

0.39 

0.41 

0.28 

Capacity 
Density 

atnve 1.0 V 
(A-tir/cm^i 

0,069 
0.073 

0.116 

0.053 
0.029 
0.027 
0.037 

Stiort-Circuit 

Density 
tA/cm^l Voltage (V) 

2.4 

2.2 



133 

Because of the low electronic conductivities of sulfur and 
phosphorus-sulfur compounds (about 10"^° and 10"^ ohm"^ c m " \ r e spec ­
tively, at 375°C), an efficient cathode current collector s t ructure is neces­
sary . Table V-IZ shows the resul ts of electr ical performance tests of 
cells with various types of cathode current collectors . The highest ca­
pacity densities were obtained with the molybdenum foam and the stainless 
steel Fel tmetal . The high performance of the molybdenum foam is en­
couraging because several ma te r i a l s , such as beryllium, niobium, and 
chromium, which are not available as Feltmetal , can be fabricated into 
foanns. 

T A B L E V - 1 2 . E f f e c t of C a t h o d e C u r r e n t C o l l e c t o r o n L i t h i u m / S u l f u r C e l l P e r f o r m a n c e 

A n o d e : l i t h i u m 

C a t h o d e : s u l f u r 

E l e c t r o l y t e : L i B r - R b B r e u t e c t i c s a l t ( m p - Z T S ^ C ) 

I n t e r e l e c t r o d e d i s t a n c e : 1.0 c m 

C a t h o d e C u r r e n t C o l l e c t o r 

M a t e r i a l 

C u r r e n t T h e o r e t i c a l C a p a c i t y D e n s i t y 

P o r o s i t y M e a n P o r e D i a T e m p . D e n s i t y C a p a c i t y D e n s i t y a b o v e 1.0 V 

(%) i^im) ( = C) ( A / c m ^ ) ( A - h r / c m ' ^ ) ( A - h r / c m ^ ) 

S t a i n l e s s s t e e l 

F e l t m e t a l 

( H u y c k ) 

S t a i n l e s s s t e e l 
F i b e r m e t a l 
( B r u n s w i c k ) 

M o l y b d e n u m f o a m 

M o l y b d e n u m f o a m 

N i o b i u m e x p a n d e d 

m e s h 

C h r o m i u m f o a m 

S t a i n l e s s s t e e l 

F i b e r m e t a l 

( B r u n s w i c k ) 

80 29 375 0 .57 0 .50 

68 

92 

400 
400 

385 

0.44 
0.88 

0 43 
0.85 
1.39 

0.46 

0.62 

(0.24 cm)'' 

25 

30 

385 

385 

385 

0.5» 

0.60 

0.44 

0.43 

0 .32 

0.114 

0.143 
0.051 

0.121 
0.060 
0.023 

0 .005 

0 . 0 0 4 

0 .003 

^Not ava i l ab l e . 
^Die s i z e , 

A study to determine the optimum cathode thickness in a 
practical cell design was made. Three similar L i / L i B r - R b B r / s cells 
were operated with Type 302 stainless steel Feltmetal current collectors 
having thicknesses of 0.16, 0.32, and 0.48 cm. The thickness of the cathode 
had no effect upon the capacity density at various current densit ies, in­
dicating that the effective thickness was 0.16 cm or l ess . 

In view of the above resul t s , a laminated cathode current 
collector was designed with the objective of increasing the cathode-
electrolyte interfacial area per unit volume. A cell of this design is shown 
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DEPTH OF 
IMMERSION IN 

ELECTROLYTE 

ANODE LEADS 

CATHODE HOLDER 

COMPRESSION PLATE 

ELECTROLYTE LEVEL 

INTERELECTRODE DISTANCE 

Fig. V-28. Laminated-Cathode Littiium/Sulfur 
Cell. ANL Neg. No. 308-2390. 

in F i g . V - 2 8 . The ca thode c o n s i s t e d of 
a l t e r n a t i n g , thin l a y e r s of Type 302 
s t a i n l e s s s t e e l F e l t m e t a l , the a l t e r n a t e 
l a y e r s being i m p r e g n a t e d wi th su l fu r 
and wi th e l e c t r o l y t e . The v o l t a g e -
c u r r e n t d e n s i t y c h a r a c t e r i s t i c s of a ce l l 
of th i s type a r e shown in F i g . V - 2 9 . 
The o p e n - c i r c u i t vo l t age of th i s ce l l 
was 2.2 V, and the s h o r t - c i r c u i t c u r ­
r e n t dens i t y w a s 6.6 A / c m ^ . The l i n e a r 
v o l t a g e - c u r r e n t dens i t y r e l a t i o n s h i p and 
the high s h o r t - c i r c u i t c u r r e n t dens i t y 
i nd i ca t e tha t t h e s e c e l l s p o s s e s s a d e ­
qua te power d e n s i t i e s for v e h i c u l a r a p ­
p l i ca t ion . V o l t a g e - c a p a c i t y dens i t y data 
for a s i m i l a r c e l l a r e p r e s e n t e d in 
F ig . V - 3 0 . The r e s u l t s a r e s i m i l a r to 
t hose ob ta ined for o t h e r c e l l s of the 

As the c u r r e n t dens i ty was i n c r e a s e d f r o m 0.52 to prev ious design 
1.04 A/cm^ , the capac i ty dens i ty above 1.0 V d e c r e a s e d f r o m 0.52 to 
0.23 A - h r / c m ^ . The l a r g e s t p e r c e n t a g e of t h e o r e t i c a l c a p a c i t y a c h i e v e d 
with this cel l was 25%, b a s e d on Li2S as the final r e a c t i o n p r o d u c t . This 
cel l had a capaci ty dens i ty c o n s i s t e n t wi th the r e q u i r e m e n t s of v e h i c u l a r 
p ropuls ion , but this per fornnance would have to be ob ta ined in about o n e -
th i rd of the e x p e r i m e n t a l ca thode vo lume be fo re t h e s e ce l l s would be 
p r a c t i c a l . 

- \ 

-

-

1 ' 1 ' [ 1 1 1 

L i / L i B f - RbB</ Ll in S 

1N00E aRia , 2 7 c m ' 
CATHODE HREfl, 1 SBcm^ 
INTERELECTRODE DISTANCE (cm 
TEMPER/ITUHE, iS^'C ~-
CATHODE CURRENT COLLECTOR 

302 SS FELTMETAL 
B07„ POROSITY 50>jm AVE PORE SIZE 

1 25 A -h r / cm ' 
SHORT-TIME DATA 

o \ 

\ 1 

1 , 1 , \ 1 1 i 

CURRENT DENSITY, 

Fig. V-29. Voltage-Current Density Charac­
teristics of a Lithium/Sulfur Cell 
with a Laminated Cathode. ANL 
Neg. No. 308-2389. 

. i B r - RbBr/ I in S 

ANODE AREA , 27cm' 
CATHODE AREA.096cm2 
INTERELECTRODE DISTANCE,Icm 
TEMPERATURE, 390 "C 
CATHODE CURRENT COLLECTOR 

4 SULFUR ELEMENTS I 6 mm THICK 
60% POROSITY, 30Mm PORE SIZE,TYPE 302 SS 
5 ELECTROLYTE ELEMENTS 0.45 mm THICK 
83% POROSITY, 25^m PORE SIZE,TYPE 304 SS 

THEORETICAL CAPACITY DENSITY. 2 06 A-hr/cm' 

CAPACITY DENSITY. A-hr/cm^ 

PERCENT OF THEORETICAL CAPACITY DENSITY 

Fig. V-30. Voltage-Capacity Density Characteristics of 
Lithium/Sulfur Cell with Laminated Cathode. 
ANLNeg. No. 308-2388. 
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A Li/LiCl-KCl/P4Sio cell with a laminated cathode con­
sisting of alternating molybdenum-foam layers containing electrolyte and 
porous graphite layers containing P4S10 was subjected to a ser ies of 
d ischarge-charge cycles. Although the P4S10 utilization was low (15-17% of 
the sulfur), the cell performance remained constant over 15 discharge-
charge cycles at current densities of 0.1 to 0.5 A/cm^. This resul t sug­
gests that no serious deteriorat ion of the cell occurs during this amount of 
d ischarge-charge cycling. However, additional work is needed to ra ise the 
capacity density while improving the cycle life. For use in electr ic vehi­
c les , a l i thium/sulfur battery should have a cycle life of at least 300 charge-
discharge cycles and a lifetime of three years or more . At present , the 
cycle life and lifetime of the experimental cells appear to be limited by the 
loss of sulfur or P4S10 from the cathode. 

b. Studies of Molten-Salt Electrolytes 

In the selection of a molten-sal t electrolyte and a cathode 
mate r ia l for a pract ical lithium/chalcogen secondary cell, it is necessary 
to have pertinent information on the phase relationships and mutual solu­
bilities of these two mater ia l s and possible chemical reactions that could 
decrease the capacity or cycle life of the cell. A basic chemical study is 
being undertaken to understand the nature of the solutions of sulfur-bearing 
species in mol ten-sa l t electrolytes and to find methods of minimizing or 
eliminating the solubility. The initial work, directed to the formation and 
study of the chemical behavior of sulfur-bearing species in molten halide 
sa l t s , will involve the preparat ion, characterizat ion, and analysis of molten 
salt solutions containing known concentrations of sulfur and sulfide. 

c. Mater ia l s , Seals, and Insulators 

Additional corrosion tests have been performed to identify 
suitable mater ia l s for the different cell components, such as anode and 
cathode housings, current col lectors , insula tors , and sea ls . Specimens of 
the metal l ic m a t e r i a l s , which might be used for cathode housings and cur ­
rent col lec tors , were exposed to molten 20 at. % lithium-80 at. % sulfur 
mixtures at 375°C in s h o r t - t e r m screening tests of 100-300-hr duration. 
Some of the more promising mater ia l s were subjected to longer ("•600-hr) 
t e s t s . 

The resul ts of the tests a re shown in Table V-13. In the 
shor te r t e r m t e s t s , the corrosion ra tes of the stainless steels were less 
than about 0.15 m m / y r . The nickel-base alloys were more variable in their 
performance, as shown by the difference in the resul ts for Hastelloy X and 
Monel, as opposed to those for Hastelloy X and Inconel 702. Among the 
other mate r ia l s tested, molybdenum, chromium, Zirca loy-2 , and niobium, 
showed the g rea tes t corrosion res i s tance . Although the resul ts for mag­
nesium and aluminum were somewhat variable , these metals and their a l ­
loys a re of special in teres t because of their light weight and low cost. 
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TABLE V - 1 3 . C o m p a r i s o n of C o r r o s i o n Ra tes of Meta l s 
by 10 a t . % Li th ium-Sul fur at 375°C 

Test Mater ia l 

Stainless Steels 

2 RK 65 
347 
2 RN 65 
2 RE 10 

^Ni-Cr) 

Worthite 
Croloy 16-1 
Carpenter 20 
Dur imet 20 

Stainless Steels 

205 
Tenelon 

Nickel -Base All 

Hastelloy X 
Inconel 702 
Inconel 800 
Hastelloy B 
Monel 
Inconel 718 
Inconel 600 
Hastelloy C 

Other 

Molybdenum 
Chromium 
L T - 1 
Z i rca l ay -2 
Niobium 
Magnesium 
Aluminum 
Titanium 
Beryl l ium 
Tantalum 
Nickel 
I ron 

(Mn-Cr) 

oys 

S h o r t e r -

Exposu re 
P e r i o d 

(hr) 

311 
311-331 

311 
311 
311 
304 
304 
100 

309 
304 

331 
311 
331 
309 
304 
100 

100 
100-328 

101 
101-136 

306 
304-331 
304-331 

304 
233 
101 
100 
100 

T e r m T e s t s 

C 

( 

0 

0 

0 

0 
0 

o r r o s i o n 
Ra te^ 

m m / y r ) 

0.03 
.02-0.09 

0.10 
0.12 

+0.07 
+0.14 
+0.21 
+0.24 

0.05 
0.18 

0.02 
0.02 
0.23 
1.93 
3.68 

+0.12 

0.01 
.01-+0.17 

0.03 
.05-+0.01 

0.09 
-11-0.24 
.02-0.85 

0.48 
0.55 
0.56 
1.80 
2 36 

L o n g e r -

E x p o s u r e 
P e r i o d 

(hr) 

620 
620 

620-642 

620-642 
615 

642 
620 
615 

615 
642 

620 
615 

620-642 

615 

T e r m T e s t s 

C o r r o s i o n 
Rate 

( m m / y r ) 

0.67 
1.5- 1.9 

0 .35-5 .4 

0 .17-2 .0 
0.07 

0 .07-0 ,10 
0.54 
0.49 

0 ,001-0 07 
0 .01-0 .16 

0 .94- 1.1 
1.6-2.4 

0 .01-2 .4 

2.0 

R e m a r k s 

Conductive f i lm 
Conductive f i lm 
Conductive f i lm 
Conductive f i lm 
Conductive f i lm 
Conductive film 
Conductive f i lm 
Adheren t fi lm 

P o o r l y conduct ive film 

Conductive film 
Nonconduct ive f i lm 
Conductive film 
Dis solut ion 
Disso lu t ion 
Adheren t fi lm 
Nonconduct ive film 
P o o r l y conduct ive film 

No de tec t ib le c o r r o s i o n 
P o o r l y conduct ive film 
AI2O3 reduc t ion 
Nonconductive f i lm 

Nonconduct ive f i lm 
Nonconductive film 

Sample p i t ted 
Dissolu t ion 
Dis solut ion 
Disso lu t ion 

" + " indicates a weight gain of the spec imen as a r e s u l t of fi lm format ion . 

The 600-hr tests were performed to determine the effect 
of exposure time upon the corrosion rates and to evaluate the validity of 
using linear extrapolation to obtain annual r a t e s . In several instances, 
such as Type 205 stainless steel, Hastelloy X, and Zircaloy-2, the cor ro­
sion rates were higher than those for the shorter t e rm tests (see Fig. V-3 l). 
The reason for this behavior is not fully understood, although it may be 
related to intergranular attack or to the temporary existence of a protec­
tive film. Other materials that showed little corrosion in the sho r t e r - t e rm 
tests , e.g., molybdenum and chromium, continued to have low corrosion 
rates in the longer-term tests . Aluminum showed a highly variable 
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MOLYBDENUM 

CHROMIUM 

aVE RATE,IOO-300h. 

^ ^ WAX RATE, eSOhr 

mpjl AVE RATE, 620h, 

CORROSION RATE, 

Fig. V-31 

c o r r o s i o n b e h a v i o r in the l o n g e r t e s t s . M o s t of 
the o b s e r v e d c o r r o s i o n r a t e s w e r e s i m i l a r to 
t hose ob ta ined in the s h o r t - t e r m t e s t s . 

Add i t iona l t e s t s w e r e conduc t ed on the 
c o r r o s i o n of i n s u l a t i n g m a t e r i a l s by nnolten 
l i t h i u m and l i t h i u m - s u l f u r m i x t u r e s . An 1168-
h r i m m e r s i o n t e s t a t 375°C showed h o t - p r e s s e d , 
h i g h - p u r i t y BeO to be the m o s t r e s i s t a n t to 
l i t h i u m a t t a c k of any i n s u l a t o r m a t e r i a l t e s t e d 
to d a t e . The a v e r a g e c o r r o s i o n r a t e was 
0.011 m m / y r , as opposed to r a t e s a s high as 
12 m m / y r , which w e r e o b s e r v e d wi th o t h e r 
types of BeO ( c o m m e r c i a l g r a d e and r e c r y s -
t a l l i z e d g r a d e ) . 

Comparison of Corrosion Rates in 
Li-S Mixtures (temperature, SVS'C; 
composition. 20 at. ô Li-SO at. % S; 
test duration, 100-300 or 620 hr as 
shown). ANLNeg. No. 308-2387. 

Al though the above r e s u l t s on c o r r o s i o n 
r a t e s a r e useful in s c r e e n i n g po ten t i a l m a t e r i a l s 
for ce l l c o m p o n e n t s , it m u s t be r e c o g n i z e d tha t 
the o b s e r v e d r a t e s a r e not n e c e s s a r i l y t hose 
tha t would o c c u r in an o p e r a t i n g ce l l w h e r e 

e l e c t r o c h e m i c a l e f fec ts can r e s u l t f r o m p o t e n t i a l d i f f e r ences wi th in the 
c e l l . The p e r f o r m a n c e of the m o r e p r o m i s i n g m a t e r i a l s wi l l be e v a l u a t e d 
in l o n g - t e r m c e l l t e s t s . 

d. Des ign C a l c u l a t i o n s for E l e c t r i c V e h i c l e s 

P r e l i m i n a r y c a l c u l a t i o n s w e r e m a d e to p rov ide an e s t i m a t e 
of the p e r f o r m a n c e tha t m i g h t be e x p e c t e d of s. b a t t e r y - p o w e r e d f ami ly 
a u t o m o b i l e . B e c a u s e s e v e r a l s impl i fy ing a s s u m p t i o n s w e r e inade in the 
c a l c u l a t i o n s , the r e s u l t s r e p r e s e n t the m a x i m u m p o s s i b l e p e r f o r m a n c e for 
a b a t t e r y of a p a r t i c u l a r spec i f i c e n e r g y (220 W-hr /kg ) . ^^ The m o s t i m ­
p o r t a n t s impl i fy ing a s s u m p t i o n w a s tha t the spec i f i c e n e r g y is not af fec ted 
by the p o w e r d e n s i t y o r the depth of d i s c h a r g e in the ind iv idua l s e g m e n t s of 
the d r i v i n g p r o f i l e , a l though i t i s known tha t the d e l i v e r a b l e spec i f i c e n e r g y 
i s a f fec ted by both of t h e s e f a c t o r s . M o r e r e f ined c a l c u l a t i o n s i n c o r p o r a t i n g 
the b a t t e r y d i s c h a r g e c h a r a c t e r i s t i c s a r e c u r r e n t l y in p r o g r e s s . 

The a u t o m o b i l e was a s s u m e d to have a c u r b we igh t of 
1588 kg (3500 lb) and to c a r r y a pay load ( p a s s e n g e r s and luggage) of 227 kg 
(500 lb) . The b a t t e r y we igh t w a s 397 kg (875 lb) wi th a d e l i v e r a b l e spec i f i c 
e n e r g y of 220 W - h r / k g (lOO W - h r / l b ) . O t h e r a s s u m p t i o n s r e l a t e d to the 
v e h i c l e a r e l i s t e d in Tab le V - 1 4 . 

57, Pb/PbOo batteries common in current automobiles have specific energies of 5-25 W-hr/kg. 
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TABLE V-i4. Assumptions Used in Vehicle Calculations 

Curb weight of vehicle 

Payload of vehicle 

Tire rolling resistance coefficient 

Air drag coefficient 

Frontal area of vehicle 

Efficiency (battery output to wheels) 

Conversion factor from linear to total acceleration 
(including rotational) 

Air density 

Battery specific energy (delivered) 

Accessory Power 

No accessories 

Normal service accessories (lights, windshield 
wipers, heater blower, defrosters, radio, etc.) 

Convenience option (normal service accessories 
plus air conditioning, power steering) 

1588 kg (3500 lb) 

ZZl kg (500 lb) 

0.0175 

0.35 

2.32 m'̂  (25 ft^) 

0.82 

1.1 

1.25 X lO"' g-secVcm* 
(2,4 X W Ib-secVft") 

220 W-hr/kg (100 W-hr/lb) 

Calculations of the range of the vehicle and the maximum 
specific power requirements for the battery were based upon constant ve­
locity and upon urban, suburban and cross-country driving profiles that in­

volve accelerat ion, deceleration, and hill-
climbing in typical traffic-flow patterns. 
The resul ts of the calculations a re presented 
in Fig, V-32, The resul ts obtained with ur­
ban and suburban driving profiles indicate 
that an electr ic automobile with normal ac­
cessor ies would have a maximum range of 
326 to 364 km (203-226 miles) with a battery 
having a specific power of 152-161 w/kg 
(69-73 W/lb) and a deliverable specific 
energy of 220 W-hr/kg (lOO W-hr/ lb) , For 
the constant-velocity condition, the range 
would be about twice that for a normal 
traffic-flow situation. 

URBAN 
DRIVING 
PROFILE 

SUBURBAN 

DRIVING 
PROFILE 

CROSS-COUNTRY 
DRIVING 
PROFILE 

Fig. V-32. Vehicle Range Under Se­
lected Driving Profiles. 
ANLNeg. No. 308-2386. 

The calculations were extended to 
determine the increase in performance that 
could be obtained by the use of regenerative 

braking (an electro-mechanical system to recover part of the energy nor­
mally dissipated during braking and deceleration). The resul ts of an urban 
driving profile analysis indicate that the range of the vehicle could be in­
creased by as much as 40%, assuming that 50% of the braking and decelera­
tion energy could be recovered. 



139 

In the above calculations, the battery weight was assumed 
to be 25% of the curb weight of the vehicle, which is approximately equiva­
lent to the weight of the power plant (engine, t ransmiss ion, exhaust sys tem, 
fuel, fuel tank) in a conventional internal-combustion-engine passenger 
vehicle. If an electr ic vehicle were designed specifically to allocate a 
larger proportion of the total vehicle weight to the battery, a significant 
increase in power and range could be achieved. 
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VI. NUCLEAR SAFEGUARDS STUDY 

At the request of the AEC's Office of Safeguards and Mater ia ls 
Management (OSMM), a program study has been initiated on nuclear safe­
guards, that is , measures designed to detect and guard against the diversion 
of strategically significant nuclear mater ia l s for unauthorized uses . It is 
desired that these measures will provide credible assurance that no diver­
sion has occurred. Argonne's efforts in this regard are specifically 
directed at provisions for future privately owned plants for conversion, 
preparation, and fabrication of nuclear fuels into finished nuclear reactor 
fuel assemblies. Of pr imary concern are mate r ia l s of such high strategic 
value as ^^'Pu, ^̂ Û and highly enriched ^ '̂U fuels. Of secondary concern 
are low enriched (less than 20%) uranium fuels. 

The study will include mater ia l s accountability, physical protection, 
and surveillance. Results of the study are for use by the AEC-OSMM in 
developing general c r i te r ia for future U.S. plants to assure that adequate 
safeguards are established and maintained. The OSMM will ultimately 
apply the study results for (1) current international (IAEA) negotiations 
under the Non-Proliferation Treaty, and (2) input to the development of 
safeguards cr i ter ia required in connection with licensing and regulation 
of future private domestic facilit ies. 

The Argonne study is being performed principally by Chemical 
Engineering Division personnel. Significant assis tance to the study is being 
given by people from other parts of ANL. The initial efforts were devoted 
to becoming familiar with existing reactor fuel conversion, preparation, 
and fabrication facilities. This was followed by visits to a number of these 
plants. Thus far, preliminary general design c r i t e r ia have been formulated 
and discussed with the personnel of OSMM and Division of Regulation. 
Initial drafts of the cr i te r ia were made available to the AEC-OSMM by the 
end of this calendar year for internal and later external comment. 

Discussions are now under way between ANL and the AEC-OSMM 
for possible future support and interest of further work in this general area. 
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VII. FLUIDIZED-BED COMBUSTION OF FOSSIL FUELS 

Fluidized-bed combustion is being studied at Argonne National 
Laboratory (ANL) as a method of reducing the quantity of atmospheric 
pollutants (oxides of sulfur and nitrogen) re leased during the combustion 
of fossil fuels. This work is part of a large program, under the direction 
of the National Air Pollution Control Administration, on various aspects of 
fluidized-bed combustion r e sea rch . Numerous government agencies and 
industrial f irms are involved in this program. 

The concept of fluidized-bed combustion involves burning fuel in a 
fluidized bed of solids with simultaneous feeding of particulate limestone 
or dolomite additive to control sulfur dioxide emission. A fluidized-bed 
combustor offers, in addition to in situ control of SOj emission, high heat-
t ransfer ra tes and efficient contacting for gas-sol ids react ions. Also, since 
combustion can be ca r r ied out at lower temperatures (-800°C) in a fluidized 
bed than in conventional combustors , nitrogen oxide formation may be 
lowered. 

The stainless steel fluidized-bed combustor employed in the ANL 
studies has a 6-in, dia and 6-ft length; ups t ream from the combustor is 
a gas preheater for the fluidizing a i r . Vibratory-screw feeders deliver the 
coal and the limestone additive into air t ransport s t reams for injection into 
the fluidized-bed combustor. The flue gas from the combustor passes 
through p r imary and secondary cyclone separa tors and a final filter of 
glass fiber where entrained solids are removed. Infrared spectrometry 
and other suitable instrumental methods are used to measure concentrations 
of the constituents of the flue gas. 

An objective of the bench-scale experimental work is to determine 
the conditions necessa ry to achieve a high degree of SOj removal from the 
flue gas and a high utilization of the limestone or other additive mate r ia l . 
Work during the period of this repor t included bench-scale , coal-burning 
experiments with l imestone additive of two part icle sizes (44-jLim average 
dia or smal ler in severa l se r i es of experiments and an average dicimeter of 
severa l hundred mic rons in other se r i es ) . These experiments indicated 
effects on SOj removal of (1) C a / s mole rat io in the feed, (2) type of l ime­
stone ma te r i a l , (3) gas velocity, and (4) combustion tempera ture . Com­
bustion of natural gas was investigated to demonstrate that low nitr ic oxide 
(NO) levels can be attained. 

Modeling studies were performed to predict the extent of SOj removal 
as a function of various operating pa ramete r s and to predict the effect of 
coal-injection procedure on the mixing of coal par t ic les in a fluidized-bed 
combustor . 
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jV. Coal-Combustion Experiments with Pulverized Limestone 

A series of bench-scale experiments was performed to compare 
SO2 removal with pulverized limestone No. 1359 and Tymochtee dolomite 
additives. In these runs , the initial fluidized bed consisted of refractory 
alumina part icles . Base-l ine reaction conditions were a combustion 
temperature of 1600°F, an average additive part icle size of 25 )Lim, a su­
perficial gas velocity of 3 f t / sec , 10-20% excess a i r , a fluidized-bed depth 
of 2 ft, and coal and limestone addition ra tes giving a C a / s mole ratio of 
2,5 in the feed s t reams . With these conditions, the reduction in SOj 
concentration of the flue gas was higher for the dolomite than for the l ime­
stone, 90 and 83%, respectively. Variation of tempera tures in the range 
1550-1650°F had little effect on SO2 removal by the pulverized l imestone. 
Removals were 73, 83, and 77% at 1650, 1600 and 1550°F, respectively. An 
increase in superficial gas velocity from 3 to 9 f t /sec decreased SOj 
removals by about 10%, Decreasing the Ca/S mole ratio from 2,5 to 2.0 
to 1.5 decreased SO2 removals from 83 to 70 to 57%, respectively, at 
1600°F. 

Recycle to the combustor of a finely divided l imestone-flyash mixture 
that had been elutriated from the bed did not increase SO2 removal , contrary 
to the expectation that recycle would increase SOj removal because of the 
additional reaction potential of the partially sulfated limestone contained in 
the elutriated solids. Laboratory-scale tes ts later confirmed that r e a c ­
tivities of limestone in flyash and of fresh limestone are s imi lar . The 
failure of recycled mater ia l to increase SOj removal in the bench-scale 
combustor was probably due to the fine part ic les having a short residence 
time in the bed. 

The extent of calcination and sulfation (i.e., CaO utilization) of the 
final bed material and of the solids collected overhead was determined by 
analysis. The results show that the mater ia l retained in the fluid bed had 
the greatest extent of calcination (~100%) and the highest extent of CaO 
utilization (70%). Material collected in the pr imary cyclone had the lowest 
extent of calcination (-75%) and the lowest CaO utilization (18%). Material 
collected in the secondary cyclone was intermediate (calcination of ~90% 
and CaO utilization of 43%). The low values for both sulfation and calci­
nation of the material collected in the cyclones suggest that it was blown 
through the bed with little time for reaction. 

B, Coal-Combustion Experiments with Coarse Limestone 

A series of bench-scale experiments was performed in which coarse -
particle-size limestone was used for both the initial fluidized bed and as 
the additive feed. An objective was to determine the effects of operating 
variables on SOj removal at steady state, where the bed composition (i,e., 
Ca/s ratio) does not change with continued addition of fresh limestone and 
removal of reacted limestone. 



143 

Experiments were performed at a combustion temperature of 1600°F, 
with a superficial gas velocity of 3 f t / sec , a 2-ft-deep fluidized bed, and 
C a / s mole ra t ios of 2.3 to 2.6. With three additives (limestone No. 1359, 
l imestone No. 1360, and dolomite No. 1337) having part icle sizes in the 
range 500-600 fim, SO2 removals of 74 to 86% were achieved. These resul t s 
indicate that SOj removal is relatively independent of the types of additive 
mate r ia l used. The use of l a rge-par t i c le - s ize limestone mater ia l (in a 
l imestone bed) gave SOj removals s imilar to those obtained with fine l ime­
stone (average part icle size of 25 p.m in an alumina bed). It was concluded 
that the longer retention of l a rge -par t i c l e - s i ze limestone in the bed compen­
sates for the l e s se r specific surface. 

A marked effect of combustion temperature on SO2 removal was noted 
with both coarse limestone No. 1359 and coarse dolomite No. 1337. The 
experiments were performed over the temperature range 1400-1800°F. At 
a C a / s mole ratio of 2.5 with limestone No. 1359, SO2 removal peaked at 
91% in the range from 1500 to 1550''F. For the coarse dolomite additive, 
the tempera ture effect was nearly identical. SO2 removal was high at 1500°F 
and decreased as the temperature was increased to 1800°F. 

The effect on SO2 emission of the Ca/S mole ratio in the limestone 
and coal feed s t r eams was measured at a bed temperature of 1550 F . 
The coarse l imestone, having an average particle diameter of 490 |Um, was 
from the same batch as used in the temperature-effect experiment but the 
coal came from a different batch. At Ca/S ratios of 2.5, 4.6, and 5.5 the 
SO2 removals were 78, 95, and 94%, respectively. As the stoichiometric 
ratio was increased, CaO utilization decreased from 31 to 21 to 17%. 
Run durations at the three operating conditions were 27, 19, and 20 hr , 
respectively, to ensure that equilibrium conditions had been reached in 
the fluid bed. 

The effect of superficial gas velocity in the combustor on the r e ­
moval of SO2 by coarse part ic les of limestone No. 1359 averaging 1010-|Um 
dia was determined. The tes ts were made at 1550°F with a Ca/S mole ratio 
in the feed of ~4 (3.8 to 4.2 range) and at gas velocities of 3.5, 5.5, and 
7.4 f t / sec . The g rea tes t removal of SO2 in these tes ts (83%) was observed 
at the lowest gas velocity, 3.5 f t / sec ; s imilar ly , the highest gas velocity, 
7.4 f t / sec , resul ted in the smallest removal of SO2 (65%). The data can 
be cor re la ted by the following equation: 

R = kie-k2V 

where 

R is percent SO2 removal 

v is the superficial gas velocity, f t /sec 

kj and k2 are constants . 



144 

Tests with a British coal- l imestone combination and an American 
coal-limestone combination were ca r r ied out in two 6-in.-dia combustors , 
one at Argonne National Laboratory (ANL) and the other at the Coal Re­
search Establishment (CRE) laborator ies at Cheltenham, England. The de­
signs of these combustors differ slightly. The tests were made to determine 
if SO2 removals would differ significantly when the two combustors were 
operated under similar conditions. The fixed variables included a bed 
temperature of 800°C (1472°F), a fluidized-bed height of 2 ft, a fluidizing-
gas velocity of 3 f t /sec, and an excess of combustion air of 10 to 20%. 

The effect on SO2 removal of three limestone stoichiometric addition 
levels (i e., Ca /s mole ratios in the feed s t r eams of ~ 1 , ~2, and ~3) was 
measured. Both the ANL and CRE coal-l imestone combinations were tested 
at the three Ca/S levels. Only prel iminary data are available and these show 
that data on SO2 levels obtained at ANL agree reasonably well with those of 
CRE, but in every test the SOj levels obtained at ANL were somewhat 
higher. The difference possibly reflects differences in combustor design, 
operating procedures, or analytical bias . 

C, Natural Gas Combustion Experiments --NO Levels and SO; Sorption and 
Desorption from CaS04 

The use of a fluidized-bed combustor for the combustion of natural 
gas was also investigated. Because a low combustion temperature of 1600 F 
is feasible in this method of combustion, nitric oxide (NO) generation was 
held to the level dictated by the nitrogen fixation equilibrium, about 60 ppm. 
Combustion efficiencies of up to 99% ^vere achieved. 

In other natural gas combustion experiments , artificially generated 
SOj was added to the combustor and reacted with limestone at 1600°F. The 
SO2 removals, 95 to 99% at a low Ca / s mole ratio of 1.5, were higher than 
those achieved in coal-burning experiments . These excellent resul ts were 
probably due to efficient distribution of the injected SO; in the combustor 
and to the ash-free environment. 

During gas combustion experiments, it was noted that when a bed of 
partially sulfated limestone was heated, desorption of SO; began at slightly 
above 1700°F. At 1850°F and with an excess air level in the fluidizing gas 
giving 1 vol % oxygen in the flue gas, SO2 concentration in the flue gas was 
5000 ppm. This high degree of SO; desorption at a relatively low tempera­
ture (previously, a temperature of about 2200°F had been thought necessary 
to obtain this effect) may have been due to localized reducing conditions in 
the bed at the low excess-air level employed. 

^- Reduction of Nitrogen Oxide Emission in Coal-Combustion Experiments 

A reduction of NO concentration in the flue gas, concomitantly with 
a reduction in SO; concentration, was noted upon the addition of limestone 
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to the fluidized bed in coal-combustion exper iments . This is probably r e ­
lated to the presence of CaS04 in the bed. 

Attempts to decompose NO by adding metal oxides (AI2O3, C03O4, and 
Zr02) ^s catalysts were not successful. In fact, when C03O4 was tested, the 
NO concentration in the flue gas increased. 

Flue gas from the fluidized-bed combustion of coal was analyzed 
for nitrogen oxide compounds by three independent analytical procedures . 
Nitric oxide was the only nitrogen oxide species present in significant 
quantity. 

E. Mathematical Modeling Studies 

A mathematical model was developed to predict the degree of SO; 
removal in a fluidized-bed coal combustor as a function of the operating 
pa ramete r s of bed height, superficial gas velocity, and limestone additive 
feed r a t e . Data on SO; sorption capacity and SO; sorption rate of limestone 
will be acquired to allow application of the model. 

Models have been developed also to predict the effects on SO; 
removal of nonuniform feeding of coal, which resul ts in localized reducing 
or oxidizing conditions at points within and above a fluidized-bed combustor. 
These mathematical models predict coal concentration gradients within 
the bed for (1) coal injection at the base of the bed and (2) horizontal-jet 
coal injection and deep penetration into the bed. The models were applied to 
the operating conditions anticipated for a large fluidized-bed coal combustor. 
Results indicated that coal concentration in the bed will be more uniform if 
coal is injected horizontally in a jet with deep penetration into the bed than 
if coal is injected vert ically from a point at the base of the bed. 
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CHEMICAL ENGINEERING DIVISION PUBLICATIONS 
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R. J. Armani, R. Gold, R, P , Larsen, and J, H, Roberts 
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Fission of " ' P u 

Trans, Am, Nucl, Soc, 12(1), 90 (June 1970) Abstract 
J, E, Battles, W. A, Shinn, P , E, Blackburn, and R, K. Edwards 

A Mass Spectrometric Study of the Volatilization Behavior in the 
Plutonium-Carbon System 

High Temp. Sci. Z_{].), 80-93 (1970) 

J. E. Battles, W. A, Shinn, P, E, Blackburn, and R, K, Edwards 
A Mass Spectrometric Investigation of the Volatilization Behavior 
of ( U o , 8 P u „ . 2 ) 0 ; _ x 

Proc, 4th Int. Conf. Plutonium and Other Actinides, Santa Fe , 
N. M., Oct. 5-9, 1970, Plutonium 1970 and Other Actinides, 
Nuclear Metallurgy, Vol. 17, Pa r t II, pp. 733-742 

J. J. Barghusen, A. A. Jonke, N. M. Levitz, M. J. Steindler, and R. C. Vogel 
Fluid-Bed Fluoride Volatility Processing of Spent Reactor Fuel 
Materials 

Progress in Nuclear Energy, Ser. Ill, P rocess Chemistry, Vol. 4, 
Pergamon P r e s s , Oxford, 1969, pp. 347-398 

M. A. Bergougnon, J. D. Gabor, B. L. Tarmy, and N. J. Weinstein, eds. 
Fundamental Processes in Fluidized Beds 

Chem. Eng, Progr . Symp. Ser. 66(101), 1970 

E. J. Cairns and H. Shimotake 
Recent Advances in Fuel Cells and Their Application to New Hybrid 
Systems 

Fuel Cell Systems-II, P roc . 5th Biennial Fuel Cell Symp, Advances 
in Chem,, Ser. 90, Am. Chem. S o c , Washington, 1969, pp- 392-425 

E. J. Cairns and R. Sridhar 
Electrical Resistivities of Liquid Mixtures of Selenium and Tellurium 

J. Electrochem. Soc. U/?, 125c (March 1970) Abstract 

E, J, Cairns, G. H. Kucera, P . T. Cunningham 
Thermodynamic Studies of the Lithium-Selenium System by an Emf 
Method 

Extended Abstracts of CITCE Meeting, Prague, Sept. 28-Oct. 2, 1970, 
p. 95 

M. G. Chasanov 
Material Behavior 

Nucl. Safety 2i(2), 163 (March-April 1970) Abstract 
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M. G. Chasanov 
Mater ial Behavior 

Nucl. Safety n_(4), 338 (July-August 1970) Abstract 

P . M. Danielson 
An Investigation of Gasket Coating Materials for Ultrahigh-Vacuum Seals 

J. Vacuum Sci. Technol. ^(3), 449-452 (1970) 

P . M. Danielson 
Aluminum Sorption Roughing Pump for Small Vacuum Systems 

J. Vacuum Sci. Technol. 2(5), 527-530 (September/october 1970) 

T. L. Denst, E. Greenberg, J. L. Settle, and W. N. Hubbard 
An Improved Interconnecting Valve for a Two-Compartment Calor imetr ic 
Bomb 

Rev. Sci. Ins t r . _41, 588-589 (April 1970) 

J. E. Draley and J. R. Weeks, Eds. 
Corrosion by Liquid Metals, P roc . 1969 Fall Mtg. Met. Soc. AIME, 
Philadelphia, October 13-16, 1969, Plenum P r e s s , New York, 1970 

N. D. Dudey, R. R. Heinrich, and A. A. Madson 
Reaction Cross Sections of ^5Rb(n,7) *'"^Rb, "Rb(n,7) *^Rb, and *'Y(n,7) 
'°"^Y between 0.16 MeV and 1.5 MeV 

J. Nucl. Energy 24(4), 181-189 (1970) 

N. D. Dudey, S. D. Harkness , and H. F a r r a r IV 
Helium Production in EBR-II Irradiated Stainless Steel 

Nucl, Appl. Technol. 9(5), 700-710 (1970) 

J. G. Eberhar t 
Comments on Wetting of Binary Aluminunj Alloys in Contact with Be, 
B4C, and Graphite 

J. Amer . Ceram. Soc. _53, 223-224 (April 1970) Note 

J. G. Eberhar t 
The Surface Tension and Crit ical Proper t ies of Liquid Metals 

J. Colloid and Interface Sci. ^ 3 , 191-192 (May 1970) 

J. G. Eberhar t , F . A. Cafasso, H. M. Feder , and W. A. Kremsner 
The Grain Boundary Grooving of Iron in Liquid Sodium 

Corrosion by Liquid Metals . Plenum P r e s s , New York, 1970, 
pp. 461-467 

A. K. F i scher and S. A. Johnson 
Liquid-Vapor Equilibrium in the Sodium-Lead System 

J. Chem. Eng. Data j_5, 492-495 (October 1970) 

A. K. F i scher , V. A. Maroni, A. D. Tevebaugh, and E. J. Cairns 
Secondary Power-Producing Cell 

U. S. Patent 3,531,324 (Sept. 29, 1970) 
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D. R. Fredrickson, M. G. Chasanov, R. D. Barnes , and S. A. Johnson 
The Enthalpy of Solid and Liquid NasBi by Drop Calor imetry 

High Temp. Sci. i (3) , 259-264 (1970) 

D. R. Fredrickson, R. D. Barnes , and M. G. Chasanov 
The Enthalpy of Uranium Diboride from 1300 to 2300°K by Drop 
Calorimetry 

High Temp. Sci. _2(3), 299-301 (1970) 

D. R. Fredrickson and M. G. Chasanov 
Enthalpy of UO; and Sapphire to 1500 K by Drop Calor imetry 

J, Chem, Thermodyn, 2 (̂5), 623-629 (1970) 

J, D, Gabor 
Heat Transfer to Part ic le Beds with Gas Flows Less than or Equal to 
that Required for Incipient Fluidization 

Chem, Eng, Sci, ^ , 979-984 (June 1970) 

J, D, Gabor 
Wall-to-Bed Heat Transfer in Fluidized and Packed Beds 

Chem. Eng. Prog. Symp. Ser. _66(105), 76 (1970) 

J. D. Gabor and L. B. Koppel 
Interaction Effects on the Fluid Dynamics of Bubbles in a Fluidized Bed; 
Chain of Rising Bubbles in an Infinite Three-Dimensional Medium 

Chem. Eng. Prog. Symp. Ser. 6^(105), 28 (1970) 

E. Greenberg, C. A. Natke, and W. N. Hubbard 
The Enthalpy of Formation of Silicon Carbide by Fluorine Bomb 
Calorimetry 

J. Chem. Thermodynam. _2(2), 193-201 (1970) 

J. T. Holmes, D. R, Vissers , J, D, Gabor, and I. Knudsen 
Uranium Oxide Fluorination with Fluorine and Fluorine Interhalogens 

U. S. Patent 3,490,881 (Jan. 20, 1970) 

C. E, Johnson and C. E. Crouthamel 
Cladding Interactions in Mixed Oxide Irradiated Fuels 

J, Nucl, Mater. 34, 101-104 (January 1970) 

C, E. Johnson and A, K, Fischer 
New Measurements for the Sodium-Bismuth Phase Diagram 

J, Less-Common Metals 20, 339-344 (April 1970) 

C, E, Johnson, C. E. Crouthamel, H. Y. Chen, and P. E, Blackburn 
Electron Microprobe Analysis of I rradiated Fuels 

Proc, 2nd Ann. Tech. Mtg. Int. Metallographic S o c , Los Alamos, 
September 8-10, 1969, Ed. K. A. Johnson. Vergara Prntg . Co., 
Santa Fe, N. Mex,, 1970, p, 139 

G, K, Johnson, P. N. Smith, E, H. Appelman, and W. N. Hubbard 
The Thermodynamic Proper t ies of the Perbromate and Bromate Ions 

Inorg. Chem._9. 119-125 (January 1970) 
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G. K. Johnson, E. H. Van Deventer, O. L. Kruger, and W. N. Hubbard 
The Enthalpy of Formation of Plutonium Monocarbide 

J. Chem. Thermodyn. _2̂ (5), 617-622 (1970) 

I. Johnson and R. M. Yonco 
Thermodynamics of Cadmium- and Zinc-Rich Alloys in the Cd-La, 
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